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Description
BACKGROUND

[0001] The presentinventions relate to testing of a computer system and, more specifically, a testcase infrastructure that
can identify hidden variable(s), hidden attributes, and hidden attribute-values, that are not being tested, but should.
Further, the present inventions relate to using the identified hidden variables to improve the testing infrastructure, for
example, by generating additional testcases to test such variables, identifying code paths that have to be exercised, etc.
[0002] Computerized devices control almost every aspect of our life-from writing documents, controlling traffic lights,
completing e-commerce transactions, to controlling spacecraft missions. However, computerized devices are often error-
prone, and thus require a testing phase in which the errors are discovered and corrected. The testing phase is considered
one of the most difficult tasks in designing a computerized device. Thorough testing is important, as the cost of not
discovering an error may be enormous depending on how the computerized device is utilized. Coverage tools for checking
software provide a measure of how well the software being evaluated has been exercised during testing and thereby give a
level of assurance that the software is of high quality.

[0003] United States Patent Application number US 2020/242010 A1, Hicks, A. et al ("Fault Detection and Localization
Using Combinatorial Test Design Techniques While Adhering to Architectural Restrictions", 30 July 2020) discloses
systems, methods, and computer-readable media for performing fault detection and localization using Combinatorial Test
Design (CTD) techniques and generating a regression bucket of test cases that expose a detected faultin a System Under
Test (SUT).

[0004] International Patent Application number WO 2019/161619 A1, Peng, M. ("Automatic interface Test Method and
Apparatus, and Device And Computer-Readable Storage Medium", 29 August 2019) discloses an automatic interface test
method and apparatus, and a device and a computer-readable storage medium. The method comprises: generating a test
case according to a preset test case description structure; acquiring a test task list corresponding to the test case;
sequentially executing test tasks corresponding to the test task list to generate an execution result; and generating a test
report according to the execution result. By means of the implementation of the present method, the maintenance costs of
interface test can be reduced, and the work efficiency of interface test can be increased.

SUMMARY

[0005] According to the present invention there are provided a method, a system, a computer program product and a
computer program according to the independent claims.

[0006] Additional technical features and benefits are realized through the techniques of the present invention.
Embodiments and aspects of the invention are described in detail herein and are considered a part of the claimed
subject matter. For a better understanding, refer to the detailed description and to the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The specifics of the exclusive rights described herein are particularly pointed out and distinctly claimed in the
claims at the conclusion of the specification. The foregoing and other features and advantages of the embodiments of the
invention are apparent from the following detailed description taken in conjunction with the accompanying drawings in
which:

FIG. 1 shows a schematic illustration of a computerized environment in accordance with one or more embodiments of
the present invention;

FIG. 2 is a block diagram representing modules providing a testing infrastructure according to an embodiment of the
present invention;

FIG. 3 is a schematic hybrid data flow/block diagram illustrating fault detection and localization using combinatorics
testdesign (CTD)and generation of a regression bucket of failing testcases that expose a detected faultin accordance
with one or more one or more embodiments of the present invention;

FIG. 4 depicts an example set of CTD vectors according to one or more embodiments of the present invention;
FIG. 5 depicts an example CTD vector according to one or more embodiments of the present invention;

FIG. 6 is a process flow diagram of an illustrative method for detecting and localizing an n-wise fault using CTD
techniques and generating a regression bucket of failing testcases that expose the detected n-wise fault in
accordance with one or more one or more embodiments of the present invention;

FIG. 7 depicts a flowchart of a method for detecting deficiencies in a testing model using success rates of attribute-
value pairs over time when testing a system under test according to one or more embodiments of the present
invention;
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FIG. 8 depicts an example visualization of success rates (S,) of attribute-value pairs according to one or more
embodiments of the present invention;

FIG. 9 depicts a flowchart of a method for determining if a hidden attribute exists in the present testing model according
to one or more embodiments of the present invention;

FIG. 10 depicts a flowchart of a method for identifying portions of the system under test that drive a hidden attribute
according to one or more embodiments of the present invention;

FIG. 11 depicts a flowchart of a method for identifying portions of the SUT that drive a hidden attribute according to one
or more embodiments of the present invention;

FIG. 12 depicts a computer system according to one or more embodiments of the present invention;

FIG. 13 depicts a cloud computing environment according to one or more embodiments of the present invention; and
FIG. 14 depicts abstraction model layers according to one or more embodiments of the present invention.

[0008] The diagrams depicted herein are illustrative. There can be many variations to the diagram or the operations
described therein without departing from the scope of the invention. For instance, the actions can be performed in a
differing order or actions can be added, deleted or modified. Also, the term "coupled” and variations thereof describe
having a communications path between two elements and do notimply a direct connection between the elements with no
intervening elements/connections between them. All of these variations are considered a part of the specification.

DETAILED DESCRIPTION

[0009] Exemplary embodiments of the present invention relate to, among other things, devices, systems, methods,
computer-readable media, techniques, and methodologies for performing fault detection and localization using combi-
natorial testdesign (CTD)techniques and for generating a regression bucket of testcases that expose the detected fault. In
exemplary embodiments of the presentinvention, the detected and localized fault occurs in a system undertest (SUT). The
SUT may be a hardware system or a software system. Further, in exemplary embodiments of the present invention, the
fault detection and localization may be performed while adhering to architectural restrictions on the SUT.

[0010] When assessing the quality of the SUT, it is imperative to identify the "weaker parts" of the SUT and understand
why they exist. A "weaker part" in this context can be part of the SUT that is more prone to failures when one or more
parameters associated with the SUT change. For example, a "hidden attribute" that causes failures can be considered a
weak part of the SUT. Parameters associated with the SUT can include configurable values of the SUT, for example,
amount of memory, number of processors, or any other such hardware/software that form the SUT, and any settings
associated with the hardware and/or software of the SUT. In addition, the parameters of the SUT that can affect the
success/failure of the SUT, or the success/failure of one or more testcases of the SUT can include operating conditions
associated with the SUT, such as, temperature, humidity, electric power, combination of software applications being
executed in conjunction, number/type of jobs being executed by the SUT in conjunction, and any other such dynamic
conditions that can vary from one instance of the SUT to another.

[0011] Existing techniques to identify a weaker part of the SUT are narrow in scope, and do not describe enough of the
metrics that cause failures or errors. Hence, the metrics are not sufficient to explain a cause of one or more such failures.
Some such existing techniques, like calculating the success rate of a given testcase, can provide an early warning sign of
an underlying problem with the SUT. However, identifying the underlying problem requires manual intervention and deep
skills in the art.

[0012] Forexample, atestcase failure can be because of an error in the implementation of the SUT itself, such as a bug.
Alternatively, the testcase failure can be because of an incorrect user input. Alternatively, the testcase failure can be
caused by an operating condition that causes the SUT to operate in an unpredicted manner. Further yet, the testcase
failure can be because of an attribute, or value that is not being tested (and hence, not being adjusted) in the testcase. In
addition, the testcase failure can be occurring in a first SUT with a certain configuration, but not in a second SUT with
substantially the same configuration.

[0013] When testing the SUT, it is observed that some errors are not surfaced consistently due to a requirement of
specific environmental or timing circumstances. For example, in the case of a software SUT, the circumstances caninclude
one or more parameters of a computer system on which the software is being executed. For example, the parameters can
include settings of the computer system, other software being executed on the computer system, a hardware configuration
of the computer system, and the like. In a similar manner, in the case of a hardware SUT, the configuration of a system of
which the hardware SUT is a part of can affect the environmental conditions. In other words, particular errors in the SUTcan
be a result of the system state and not the quality of the SUT itself. Such errors are sometimes referred to as "soft failures,"
Identifying such conditions, referred herein as "hidden variables," which can lead to soft failures is a technical challenge.
Additionally, identifying the soft failures, i.e., determining that an error is a soft failure can also be a technical challenge.
[0014] Thisdifficulty is especially exacerbated when hidden variables in the SUT have a profound effect on the outcome
of the tests. A hidden variable can be factor that is not being controlled, and in some cases may not be controllable, when
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executing a testcase. For example, any of the operating conditions of the SUT, such as the temperature, humidity,
combination of jobs, available memory, etc. that are not configured by the testcase itself, but may cause the testcase to fail
intermittently can be considered a hidden variable. Hidden variables are not always discoverable for a given test
infrastructure because they are outside the specific scope of the SUT. A stress test, for example, may drive the SUT
into a configuration where various resources (e.g. memory, compute cycles, etc.) are constrained therefore causing
unpredictable errors or failures in the SUT that are difficult, if not impossible, to consistently reproduce. This means thata
resource that the stress test relies on may cause the SUT to perform inadequately or fail even though the specific function
or feature that the stress test verifies is stable.

[0015] Thus, a technical challenge exists with testing infrastructures to determine that one or more hidden variables
consistently affect the outcome of a given testcase, and further identify such hidden variables. Further, a technical
challenge exists to identify such hidden variables when a testcase is failing due to factors beyond the test infrastructure
itself such that resources can be adjusted or new test infrastructure can be developed accordingly.

[0016] Embodiments of the presentinvention address such technical challenges with testing infrastructure for computer
systems. It should be noted that the testing infrastructure itself includes computer systems, including memory devices,
processing units, and one or more computer executable instructions. Accordingly, embodiments of the present invention
facilitate improvements to computing technology, the testing infrastructure and the SUT. In one or more embodiments of
the present invention, embodiments of the present invention, by utilizing Pseudo-Boolean algebra, such as Heyting
algebra, can quantize the success rate of a test vector while encapsulating the hidden variables that consistently affect the
outcome of the testcase. For example, for a test vector <Andrew, Blue, 30>, which in this case has three attributes <Name,
Color, Age> with assigned combination of values, the success rate indicates how often a test case succeeds while using
this specific combination of values. An "attribute-value pair" represents a particular value that is assigned to a particular
attribute being tested by the testcases. The attribute is cycled through multiple values during the testing. Further, there can
be several such attributes that are tested. The quantization of the success rate of an attribute-value pair enables a user,
such as quality assurance engineer, to reliably identify when the testcase is failing due to factors beyond the test
infrastructure itself such that resources can be adjusted or new test infrastructure can be developed accordingly. This
enhanced success metric can be used to improve the efficiency and reliability of a testing effort to improve the overall
stability of the SUT. Accordingly, embodiments of the present invention provide improvements, practical applications, and
technical solutions to technical challenges in the computing technology, particularly testing infrastructure used to test a
SUT.

[0017] Additionally, coverage tools for testing the SUT provide a measure of how well the SUT has been exercised during
testing and thereby give alevel of assurance thatthe SUT is of high quality. There are a number of types of coverage known
in the art, such as statement coverage, line coverage, condition coverage, path coverage, method coverage, and the like.
One additional coverage method is functional coverage. Functional coverage is designed to measure an amount, portion
or similar metric of tests that examined predetermined functional behaviors. Once functional coverage is measured,
quality assurance (QA) personnel may design additional tests to examine untested behaviors.

[0018] However, test infrastructure can become incredibly expensive and cost per test cycle increases without
continuous optimization of products, tests, and environments. As more tests are added, more test suites are run, and
the complexity of the supporting services increases along with the cost of each test cycle. Test environments, test
dependencies, and test suites need to be managed with the same rigor as the product being shipped (i.e., the SUT).
Accordingly, managing the test infrastructure is a technical challenge, and in turn, efficient reduction of the test
infrastructure is a technical challenge. It should be noted that the reduction of the test infrastructure does not imply a
reduction in quality of testing the SUT. Rather, the technical challenge is that the quality of the tests is to be improved along
with the reduction in the test infrastructure.

[0019] Embodiments of the present invention address such technical challenges. According to one or more embodi-
ments of the presentinvention, areduced set of testcases fora SUTare executed on the system. It should be noted that the
system is different than the SUT, the SUT is being executed using the system. The reduced set of testcases can be
generated using combinatorics test designing (CTD). Errors can be identified based on a subset of tests that fail from that
reduced set. Further, according to one or more embodiments of the present invention, inverse CTD is used to localize the
fault in the system.

[0020] According to one or more embodiments of the present invention, CTD is performed with respect to an interaction
requirement, such as a pair-wise interaction, n-tuple interaction, or any other. The test plan may provide for sufficient
coverage tasks that assure that the interaction requirement is fulfilled. In some exemplary embodiments, test planning is
based on a modeling of the test space using a functional coverage model. The test space can represent inputs, scenarios,
configurations, the application’s internal state, or any other aspect that might need to be tested. The functional coverage
model may include a set of functional attributes. In other embodiments of the present invention, the coverage model can
include one from a number of types of coverage known in the art, such as statement coverage, line coverage, condition
coverage, path coverage, method coverage, and the like. The type of coverage does not affect reduction of the test
infrastructure techniques described herein.
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[0021] Further, with respectto test planning, a test-space may define potential tests that may be executed on the SUT. A
test can be associated with exactly one potential test, as opposed to coverage tasks. In some exemplary embodiments of
the present invention, several different tests may hold the same potential test.

[0022] In some exemplary embodiments of the present invention, the motivation for the approach of CTD is that most
errors depend on the interaction between a small number of functional attributes. CTD algorithms may also deal with
scalability issues. The CTD algorithms may assume that the combinations space is too large to be represented explicitly,
and they use various techniques to try to generate an optimized test plan without explicitly enumerating all possible
combinations. Examples of such algorithms may be a reduction to the orthogonal arrays or covering array problems.
Those techniques are limited in the type of restrictions they allow on the value combinations, or in the type of requested
interaction level, and still hit scalability issues as the number of model variables increases.

[0023] In one or more embodiments of the present invention, inputs to a SUT are modeled as a collection of attribute-
value pairs. More specifically, inputs to a SUT can be modeled as a collection of attributes, each of which can take on one or
more corresponding attribute-values. In one or more embodiments of the present invention, the entire Cartesian product
space that contains all possible combinations of attribute-value pairs can be reduced to a smaller set of test vectors that
provides complete n-wise coverage of the entire test space. For instance, ifitis assumed that four different attributes A, B,
C, and D are modeled, and if it is further assumed that attribute A can take on four distinct values; attribute B can take on
three distinct values; attribute C can take on three distinct values; and attribute D can take on two distinct values, then the
total number of possible combinations of attribute-value pairs would be 4*3*3*2 = 72. Thus, in this illustrative example, the
entire Cartesian product space would include 72 different combinations of attribute-value pairs. As previously noted, these
72 different combinations of attribute-value pairs can be reduced down to a smaller set of combinations that still provide
complete n-wise coverage of the Cartesian product space. For instance, referring to the same example introduced above,
if complete pairwise coverage is sought, then the 72 different combinations can be reduced down to 12 distinct
combinations that together include every possible pairwise interaction of attribute-values. The reduced number of
combinations required to provide n-wise coverage may increase logarithmically as n increases.

[0024] In exemplary embodiments of the present invention, the entire Cartesian product space including all combina-
tions of attribute-value pairs is reduced down to a smaller set of CTD test vectors that provides complete n-wise coverage
for a desired n. In complex hardware or software systems, the total number of attributes and corresponding candidate
attribute-values may be quite large, in which case, the total number of possible combinations of attribute-values making up
the entire Cartesian product space may be astronomically large, making it practically infeasible to test all possible
combinations. Reduction of the entire Cartesian product space down to a substantially smaller number of CTD test vectors
that still provide complete n-wise coverage allows for any n-wise (or m-wise where m < n) fault to be detected without
having to directly test every possible combination in the test space.

[0025] Inexemplary embodiments of the presentinvention, a binary decision diagram or the like may be used to perform
the reduction and identify the reduced set of CTD vectors that provides complete n-wise coverage. In one or more
embodiments of the present invention, each CTD test vector that is generated includes a unique combination of attribute-
values, and the set of CTD test vectors together include every possible n-wise interaction of attribute-values. In particular,
each CTD vector may have a dimension corresponding to the number of attributes that are modeled, where each element
of the CTD vector is a respective attribute-value for a corresponding attribute. The set of CTD vectors that is generated,
however, may not be unique. Thatis, there may be multiple different sets of CTD vectors, each of which provides complete
n-wise coverage. In one or more embodiments of the present invention, the CTD vectors may be chosen at random while
still ensuring complete n-wise coverage. In other one or more embodiments, the initial set of CTD vectors may be chosen
with specific criteria in mind such as, for example, to increase or decrease the representation of particular attribute-values
within the set of CTD vectors.

[0026] In exemplary embodiments of the present invention, once the initial set of CTD test vectors are generated, they
are used to generate a corresponding set of testcases. Forinstance, the set of CTD test vectors may be provided as inputto
atestcase generation tool configured to generate a respective corresponding testcase for each CTD vector. Each testcase
may be designed to test the interactions among the particular combination of attribute-values contained in the corre-
sponding CTD vector.

[0027] In exemplary embodiments of the present invention, the testcases are then executed. The execution of each
testcase results in either a successful execution result, indicating that the combination of attribute-values associated with
the testcase does not contain an n-wise (or m-wise where m < n) error, or a failure execution result, indicating that the
combination of attribute-values associated with the testcase do contain an n-wise (or m-wise where m <n) error. In one or
more embodiments of the present invention, a particular failing testcase is then selected and inverse combinatorics is
applied to the failing testcase to produce a new set of testcases capable of exposing the bug. In exemplary embodiments of
the presentinvention, application of inverse combinatorics to the selected failing testcase includes generating a respective
new testcase with respect to each attribute. Thus, the number of new testcases generated may be equal to the number of
attributes. In exemplary embodiments of the present invention, in each new testcase, the attribute-value of a correspond-
ing attribute in the selected failing testcase is changed to an attribute-value for that attribute that is not presentin any failing
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testcase and the respective attribute-value for each other attribute is unchanged from that which is present in the selected
failing testcase.

[0028] Those new testcase(s)thatyield a successful execution result may then be assessed to detect and localize the n-
wise (or m-wise where m < n) error. In particular, the specific attribute-value pairs that cause the error may be identified
based on those new testcases that successfully execute. A regression bucket of testcases may then be generated based
on the error-producing combination of attribute-value pairs. More specifically, every possible combination of attribute-
values that include the attribute-values determined to cause the error may be determined and a regression bucket of
corresponding testcases for testing these combinations can be outputted for use by a manual tester, for example. In
particular, in one or more embodiments of the present invention, all testcases contained in the regression bucket will fail
when executed until the bug is fixed, after which all regression bucket testcases should pass (i.e., produce a successful
execution result).

[0029] Inexemplary embodiments of the presentinvention, architectural restrictions may apply to the SUT. Architectural
restrictions may include any of a variety of restrictions on inputs to the SUT. For instance, an example restriction may be
that if a given attribute has a particular attribute-value, then one or more other attributes are excluded from having certain
attribute-value(s). Another example architectural restriction may be that if a given attribute has a particular attribute-value,
then one or more other attributes must have certain attribute-value(s). Yet another example architectural restriction may be
thata new attribute is introduced if and only if a particular attribute has a particular attribute-value. It should be appreciated
that the above examples of architectural restrictions are merely illustrative and not exhaustive.

[0030] Inexemplary embodiments of the presentinvention, architectural restrictions are considered prior to performing
the reduction of the entire Cartesian space down to the initial set of CTD vectors that provides the desired complete n-wise
coverage. That is, in exemplary embodiments of the present invention, particular combinations of attribute-values that
violate any architectural restrictions are first excluded from the Cartesian product space, and then the reduction down to
the set of CTD vectors that provides complete desired n-wise coverage is performed. In this manner, it can be ensured that
no combination of attribute-values that violates an architectural restriction is included in the initial set of CTD vectors.
Further, in exemplary embodiments of the present invention, when a selected testcase corresponding to an initial CTD
vector fails and is selected for expansion to obtain a set of new testcases designed to detect and localize an n-wise error,
that expansion can be performed first without taking into account any architectural restrictions. Then, any new testcases
that violate an architectural restriction can be excluded. In this manner, it can be ensured that the expansion provides as
much coverage of the test space in the neighborhood around the failing testcase as possible. In addition, in exemplary
embodiments of the presentinvention, the regression bucket of failing testcases may first be generated without regards to
architectural restrictions, and then any testcases that violate an architectural restriction can be excluded from the
regression bucket. That is, testcases corresponding to all possible combinations in the entire Cartesian product test
space that include the particular combination of attribute-values causing an n-wise or lesser order error may first be
generated and then reduced down to exclude any testcase(s) that violate arestriction. Alternatively, the testcases included
in the regression bucket may be selected from the reduced Cartesian space from which the initial set of CTD vectors are
selected, in which case, the regression bucket is generated to include only those combinations of attribute-values that
include the subset of attribute-values causing the error and that do not violate any architectural restriction.

[0031] One or more embodiments of the invention include various technical features that yield technical effects that
provide various improvements to computer technology. For instance, exemplary embodiments of the invention include the
technical feature of inverse combinatorics to expand a set of testcases from a selected failing testcase. This technical
feature allows for an n-wise or lesser order fault to be detected and localized within a single iteration of the expansion. This
technical effect represents an improvement to debugging and fault detection computer technology because it automates
the creation of additional testcases around a selected failing testcase in a manner that is specifically designed to facilitate
detection and localization of a fault. Thus, the automated generation of new testcases in accordance with one or more
embodiments of the invention is capable of exposing a fault more efficiently and using a fundamentally different
methodology than manual testcase generation. Exemplary embodiments of the invention also include the technical
feature of generating a regression bucket of testcases that tests every possible combination of attribute-values that
includes the particular subset of attribute-values causing the n-wise fault. Thus, the regression bucket includes only
testcases that would all fail prior to correction of the fault and that would all pass after correction of the fault. Thus, the
automated generation of a regression bucket of failing testcases in accordance with one or more embodiments of the
invention provides an improvement to computer technology by providing a tester or automated testing algorithm with a set
of testcases - each of which is ensured to fail - such that the tester or automated testing algorithm can use the regression
bucket of testcases to verify that a fault has been corrected when all testcases ultimately pass after debugging is
performed.

[0032] During the life cycle of an effort to test the SUT, considerable time and resources are invested into building up
sustainable, trustworthy testcases and infrastructure to provide a consistent testing system to execute the testcases to
verify the SUT. The end result of building the testing system is a reliable, efficient way to continuously verify the SUT
throughout the lifetime of the SUT, especially as maintenance and updates are applied overtime. A common way of
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insuring sufficient test coverage is through the use of CTD to ensure that the test coverage is sufficient.

[0033] A technical challenge with this paradigm lies in the test model designers either missing attribute-values from
those that are to be tested, or defining insufficient granularity for the values for an attribute to be tested. In such cases, the
testing model that is generated for use by the testing system can be incomplete, leading to incomplete testing of the SUT.
Another technical challenge is uneven use of any one test attribute variable value over time due to the particular algorithm
used to generate the tests. This case also results in some of the attribute-values not being exercised, again resulting in
incomplete testing of the SUT. In addition to the missing attribute-values, as noted earlier, the technical challenges also
include the hidden variables causing the testcases failing to test and/or identify a root cause of a failure that the SUT may be
experiencing.

[0034] It should be noted that a "hidden variable" may fail intermittently due to difficult to control parameters such as
other applications, jobs, or services running concurrently with the SUT, temperature of the SUT, etc. A "hidden attribute" is
an attribute that should be included in the model to generate better test vectors. A "hidden attribute-value" is a value that
should be included in the attribute in a model to generate better test vectors, but was missed/overlooked at the time of
creating the test model, or that the users were not aware of when designing the test model. Whereas, a "hidden value" is an
environmental/outside factor that influences the result of one or more testcases.

[0035] Embodiments of the present invention address such technical challenges by using CTD to automatically
generate and select testcases to test a SUT, and further facilitating the use of Pseudo-Boolean algebra, such as Heyting
algebra, Kripke algebra, or any other intuitionistic logic to detect one or more hidden variables causing failure of one or
more of the testcases. Embodiments of the present invention further facilitate using the detected hidden variables to
determine one or more portions of the SUT that may need to be further diagnosed to detect an error that may be causing a
failure of the testcase(s).

[0036] Inone or more embodiments of the present invention, to recognize the missing/hidden attributes that are to be
tested, a success rate for each attribute-value pair over time is computed using Psuedo-Boolean algorithms. The history of
the success rate is then displayed visually using an unevenly distributed visual representation, which can be referred to as
a non-uniform table or heat-map of the test vectors attribute-values of a model used to test the SUT. According to the
invention, based on the historical data, an attribute in the model is identified that contains values which has a success rate
that does not satisfy a predetermined threshold. The identified attribute is used to identify and reveal a lack of depth in a set
of values used to test at least that attribute. By adding additional values to the attribute, and any other associated attributes,
the success rate of the attribute is monitored over time again. If the success rate threshold is satisfied, it can be deemed that
a hidden value, or a hidden attribute has been identified by the values that were added. The hidden value can then be used
in further set of testcases.

[0037] Referring now to FIG. 1, which shows a schematic illustration of a computerized environment in accordance with
embodiments of the present invention. A computerized environment 100 may include one or more computerized tools. It
should be noted that the depiction is one possible example of a block diagram and that some components may not be
depicted for clarity.

[0038] In one or more embodiments of the present invention, a user 110, such as a developer, a QA staff member, a
tester, a designer, a verification engineer or the like, may interact with the computerized environment 100. The user 110
may utilize a man-machine interface (MMI) 112 such as a terminal, a display, a keyboard, an input device or the like.
[0039] Insome exemplary embodiments of the presentinvention, a coverage model defining tool 102 may be utilized to
define the test coverage model, such as a functional coverage model, or the like. In some exemplary embodiments of the
presentinvention, the user 110 may define the attributes that are to be tested, for example, the functional attributes in case
a functional coverage is being tested. In some exemplary embodiments of the present invention, a similar tool may be
utilized to define a test-space. In some exemplary embodiments, the coverage model may be adapted to be utilized as a
test model.

[0040] Insome exemplary embodiments of the presentinvention, a test execution engine 108 may be utilized to test the
SUT. It will be noted that the SUT may be hardware, firmware, software, combination thereof, or any other type of
computerized device. The test execution engine 108 may be a simulation-based verification tool, a test-generation
platform, or the like. The test execution engine 108 may be operatively coupled to a test planning tool 106 and configured to
perform testing in accordance with the test plan. In some exemplary embodiments, the test planning tool 106 may provide
the tests for the test execution engine 108 to perform. It will be noted that dynamic verification is a broader concept than
testing the SUT, and it further includes test planning, coverage analysis and the like. The test execution engine 108
provides only one aspect of the entire scope of operations that may be performed during dynamic verification and should
not be used to construe the term "dynamic verification" narrowly.

[0041] Insome exemplary embodiments of the presentinvention, a coverage analysis tool 104 is configured to measure
coverage of the test space for the SUT based on the dynamic verification performed by the test execution engine 108. For
example, the coverage analysis tool 104 can be a functional coverage analysis tool. The coverage analysis tool 104
provides a coverage measurement, such as a portion of the coverage test-space or of the defined test plan, indicative of
coverage tasks that were covered during dynamic verification performed by the test execution engine 108. The user 110
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may review the coverage measurement and/or the list of covered tasks.

[0042] In some exemplary embodiments of the present invention, a test planning tool 106 may define a test plan to be
covered. In some exemplary embodiments of the present invention, the test plan may be a set of coverage tasks to be
covered. In some exemplary embodiments of the present invention, the test plan tool 106 may provide tests that are likely
to cover the test plan, such as based on a test benchmark stored in a datastore which includes tests that are
known/estimated to cover specific aspects of the SUT. As another example, the test plan tool 106 is configured to
generate tests so as to cover coverage tasks. The user 110 may review the test plan, the selected test or the like. In some
exemplary embodiments of the presentinvention, the user 110 may provide parameters for the test planning tool 106 to use
in determining the objective of the test plan, such as a desired interaction level. Embodiments of the present invention
enable the elimination of any redundancy in the generated tests.

[0043] WhilethedepictioninFIG. 1 has been described with specific components including the coverage model defining
tool 102, coverage analysis tool 104, test planning tool 106 and the test execution engine 108, embodiments of the present
invention are not limited to these components or system configurations and can be implemented with other system
configuration employing fewer or additional components.

[0044] FIG. 2is ablock diagram representing modules providing a testing infrastructure according to an embodiment of
the invention. More specifically, the infrastructure includes a test generator 208. The test generator 208 accesses a test
infrastructure, such as a repository of testcases 202, which stores suites of testcases available to verify the correctness of
the SUT 214. Each testcase specifies an input to be applied to the SUT 214 and the expected response that should be
returned in response to this input (to indicate its correct operation). Typically, the testcases are organized into sets (test
suites), for example, each test suite for a different component of the SUT 214.

[0045] The testgenerator 208 creates an execution bucket for each run of the test on the SUT 214. The bucket specifies
the operations to be performed for running the desired testcases in a machine-readable language (such as XML-based).
Particularly, in the case of a complete test, all the available testcases are executed on each component of the SUT 214;
conversely, in the case of a regression test, the execution is limited to a subset of selected testcases. The bucket so
obtained can be saved into a file.

[0046] Atestexecutionengine 108 controlsthe execution of the bucketread from the file. For each testcase of the bucket
212, thisinvolves the application of the corresponding input (attribute-values) tothe SUT 214. Inresponse thereto, the SUT
214 returns a corresponding output to the test execution engine 108. The test execution engine 108 determines the result
of the testcase by comparing its output with the corresponding expected response (extracted from the file, for example).
The result of the testcase (i.e., positive when the two values match and negative otherwise) is saved into a log. For
example, this may be achieved by means of a standard Test Tracking Tool (TTT). The results of the (current) run of the test
are available in the log for their analysis.

[0047] For a large, complex SUT 214, the testcase infrastructure 202 can contain a large amount of duplicate test
actions/testcases. In accordance with certain embodiments of the presentinvention, one technique developed to address
these challenges incorporates the use of a fingerprint repository 206 with a store of information including a set of
fingerprints that correspond to a plurality of regression tests stored in the test repository 202. In one embodiment, the
fingerprints are generated by a fingerprint generator 204. For instance, the fingerprint repository 206 can include
fingerprints of most, if not all, of the tests stored in the test repository 202 and a reference to where copies of the test
are located throughout the test infrastructure, similar to an index in a book. Each fingerprint uniquely identifies a specific
code path covered by a corresponding testcase. In this manner, the system can identify fingerprints (and corresponding
tests) that are redundant, and in some cases duplicate.

[0048] According to embodiments of the present invention, processing of the results 216 of the regression tests
generated by the test generator 208 and executed by the test execution engine 108 may include determination of a code
path traversed during execution of each generated regression test and generation of a fingerprint for each executed
regression testcase based at least in part on the code path. In some embodiments of the present invention, these steps
may be performed by the fingerprint generator 204. Here, a "code path" associated with a testcase refers to a portion of the
SUT 214 that is exercised by the testcase.

[0049] Aredundancy analyzer218 compares fingerprints corresponding to all testcases generated by the testgenerator
208 to a plurality of fingerprints stored in the fingerprint repository 206. The redundancy analyzer 218 provides a list of the
regression testcases generated by the test generator 208 that have matching fingerprints with one or more fingerprints
stored in the fingerprint repository 206. This information is used to select and discard the duplicate testcases from the test
repository 202 (as described below).

[0050] FIG. 3 is a schematic hybrid data flow/block diagram illustrating fault detection and localization using CTD
techniques and generation of a regression bucket of failing testcases that expose a detected fault in accordance with one
or more one or more embodiments of the invention. FIG. 6 is a process flow diagram of an illustrative method 600 for
detecting and localizing an n-wise fault using CTD techniques and generating a regression bucket of failing testcases that
expose the detected n-wise fault in accordance with one or more one or more embodiments of the invention. FIG. 6 is
described in conjunction with FIGS. 1-5.
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[0051] lllustrative methods in accordance with one or more embodiments of the invention and corresponding data
structures (e.g., modules, units, and other such components) for performing the methods are now described. It should be
noted that each operation of one or more methods described herein may be performed by one or more of the modules orthe
like described herein. These modules may be implemented in any combination of hardware, software, and/or firmware as
described herein. In certain one or more embodiments, one or more of these modules may be implemented, atleastin part,
as software and/or firmware modules that include computer-executable instructions that when executed by a processing
circuit cause one or more operations to be performed. A system or device described herein as being configured to
implement one or more embodiments may include one or more processing circuits, each of which may include one or more
processing units or nodes. Computer-executable instructions may include computer-executable program code that when
executed by a processing unit may cause input data contained in or referenced by the computer-executable program code
to be accessed and processed to yield output data.

[0052] ReferringtoFIG.6inconjunctionwith FIG. 3,in one or more embodiments of the presentinvention, at block 602 of
the method 600, inputs to the SUT 214 are modeled as a collection of attribute-value pairs 302. Any number of attributes
may be used to model SUT inputs and each attribute may take on any number of candidate attribute-values. At block 604,
computer-executable instructions of one or more n-wise coverage CTD vector generation modules 304 are executed to
generate an initial set of CTD vectors 306 that provides n-wise coverage of an entire Cartesian product space associated
with the collection of attribute-value pairs 302.

[0053] In particular, the entire Cartesian product space that contains all possible combinations of the attribute-value
pairs 302 is reduced to a smaller set of CTD test vectors 306 that provides complete n-wise coverage of the entire test
space. In one or more embodiments of the present invention, the complete n-wise coverage provided by the set of CTD
vectors 306 may be complete pairwise coverage. For instance, ifitis assumed that three attributes are modeled, namely, a
"name" attribute, a "color" attribute, and a "shape" attribute as shown in FIG. 4, and if it is further assumed that the "name"
attribute can take on 4 distinct attributes (Dale, Rachel, Andrew, and Ryan), the "color" attribute can take on 2 distinct
attributes (green, blue), and the "shape" attribute can take on 3 distinct attributes (circle, square, triangle), then the total
number of possible combinations of attribute-value pairs would be 4*3*2 = 24. Thus, in this illustrative example, the entire
Cartesian product space would include 24 different combinations of attribute-value pairs.

[0054] The 24 different combinations of attribute-value pairs can be reduced down to a smaller set of combinations (i.e.,
the set of CTD vectors 306) that still provides complete n-wise coverage of the Cartesian product space. For instance, if
complete pairwise coverage is sought, then the 24 different combinations can be reduced down to 12 distinct combinations
thattogetherinclude every possible pairwise interaction of attribute-values. An example set of CTD vectors 400 is shownin
FIG. 4. The example setof CTD vectors 400 includes all pairwise interactions between the attribute-values of the attributes
"name," "color," and "shape."

[0055] A binary decision diagram or the like may be used to perform the reduction and identify the reduced set of CTD
vectors 306 that provides complete n-wise coverage. While each CTD vector in the set of CTD vectors 306 includes a
unique combination of attribute-values, the set of CTD vectors 306 itself may not be unique. That s, there may be multiple
different sets of CTD vectors, each of which provides complete n-wise coverage. For instance, while FIG. 4 depicts an
example set of CTD vectors 400 for the example attributes and attribute-values described, it should be appreciated that
alternative sets of CTD vectors that include different combinations of attribute-values may also independently provide
complete n-wise coverage. It should further be appreciated that while the example set of CTD vectors 400 provides
complete pairwise coverage and partial three-wise coverage, a greater number of CTD vectors would be needed to
provide complete three-wise coverage. Stated more generally, as n increases, the number of CTD vectors needed to
provide complete n-wise coverage increases logarithmically with n.

[0056] FIG. 5 depicts an example CTD vector 500 of the type that may be included in the set of CTD vectors 306. The
example CTD vector 500 includes multiple attributes 502. As previously described, the attributes 502 may be used to
model inputs to the SUT 214. The attributes 502 may be associated with attribute-values 504. In particular, each attribute
502 may have a corresponding attribute-value 504, which may be one of one or more candidate attribute-values that the
attribute is allowed to take on.

[0057] Inoneor more embodiments of the presentinvention, architectural restrictions are taken into account in method
600 prior to performing the reduction of the entire Cartesian space down to the initial set of CTD vectors 306 that provides
desired complete n-wise coverage. That is, particular combinations of attribute-values that violate any architectural
restrictions are first excluded from the Cartesian product space, and then the reduction down to the set of CTD vectors 306
that provides complete desired n-wise coverage is performed. In this manner, it can be ensured that no combination of
attribute-values that violates an architectural restriction is included in the initial set of CTD vectors 306.

[0058] Architectural restrictions may include any of a variety of restrictions on inputs to the SUT 214. For instance, an
example restriction may be that if a given attribute has a particular attribute-value, then one or more other attributes are
excluded from having certain attribute-value(s). Another example architectural restriction may be that if a given attribute
has a particular attribute-value, then one or more other attributes must have certain attribute-value(s). Yet another
example architectural restriction may be that a new attribute is introduced if and only if a particular attribute has a particular
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attribute-value. It should be appreciated that the above examples of architectural restrictions are merely illustrative and not
exhaustive.

[0059] Referring again to FIG. 6, at block 606 of the method 600, in one or more embodiments of the present invention,
the testcase generation modules 208 may be executed to generate, from the initial set of CTD test vectors 306, a
corresponding set of testcases 202, which are then executed by the testcase execution module(s) 108 to yield an
execution result (pass or fail) for each testcase.

[0060] For instance, the set of CTD test vectors 306 may be provided as input to a testcase generation tool 208 that
generates a respective corresponding testcase for each CTD vector. Each testcase in the set of testcases 202 tests the
interactions among the particular combination of attribute-values contained in a corresponding CTD vector of the set of
CTD vectors 306. It should be appreciated that a set of CTD vectors and their corresponding testcases may, at times
herein, be described and/or depicted interchangeably. Forinstance, the example set of CTD vectors 400 depicted in FIG. 4
may be interchangeably thought of as the corresponding set of testcases that test the particular combinations of attribute-
values represented by the set of CTD vectors 400.

[0061] Atblock 608 of the method 600, computer-executable instructions of the testcase execution module(s) 108 are
executed to determine whether any testcases in the set of testcases 202 failed. In one or more embodiments of the present
invention, execution of each testcase 202 results in either a successful execution result, indicating that the combination of
attribute-values contained in the corresponding CTD vector 306 does not contain an n-wise (or m-wise where m < n) error,
or a failure execution result, indicating that the combination of attribute-values in the corresponding CTD vector 306 does
contain an n-wise (or m-wise where m < n) error.

[0062] Referring to the example depicted in FIG. 4, testcases corresponding to the example set of CTD vectors 400 are
executed at block 606 to yield a respective execution result for each testcase. In particular, two testcases 402 and 404 are
illustratively depicted in FIG. 4 as resulting in failure. Failing testcase 402 tests the following combination of attribute-
values: Dale; blue; triangle, which respectively correspond to the attributes name, color, and shape. Failing testcase 404
tests the following combination of attribute-values: Dale; blue; circle, which respectively correspond to the attributes name,
color, and shape. Although "Dale" and "blue" are present both in the CTD vector corresponding to failing testcase 402 and
in the CTD vector corresponding to failing testcase 404, it is unclear at this stage in the process as to whether "Dale" and
"blue" are generating a pairwise error; whether "Dale" and ("triangle" or "circle") are generating the pairwise errors; or
whether "blue" and "triangle" or "circle") are generating the pairwise errors. Subsequent operations of method 600 can
utilize inverse combinatorics to expand the test space around a selected failing testcase to detect and localize the
particular combination of attribute-values that are causing the n-wise error (pairwise error in the case of the example
depicted in FIG. 4).

[0063] Responsive to a negative determination at block 608, the method 600 may end because none of the initial set of
testcases 202 has failed. Because the initial set of CTD vectors 306 (based on which the set of testcases 202 are
generated) provided complete n-wise coverage, it can be ensured that an n-wise or lesser order error is not present.
However, successful execution of all of the testcases in the initial set of testcases 202 does not ensure that a higher order
error (k-wise where k > n) is not present.

[0064] On the other hand, in response to a positive determination at block 608 indicating that execution of the set of
testcases 202 results in one or more failing testcases 314, the method 600 includes using an inverse CTD testcase
generation module 316 to execute and to select a particular failing testcase 314 and apply inverse combinatorics to the
selected failing testcase 314 to produce a new set of testcases 318 capable of being used to detect and localize the
combination of attribute-values that are causing the n-wise or lesser order error.

[0065] Inone or more embodiments of the present invention, application of inverse combinatorics to the selected failing
testcase 314 includes generating a respective new testcase 318 with respect to each attribute. Thus, the number of new
testcases generated may be equal to the number of attributes. In one or more embodiments, in each new testcase 318, the
attribute-value in the selected failing testcase 314 of a corresponding attribute is changed to an attribute-value for that
attribute that is not present in any other failing testcase and the respective attribute-value for each other attribute is
unchanged from that which is present in the selected failing testcase 314.

[0066] Referring again to the example depicted in FIG. 4, assuming that failing testcase 402 is selected at block 610,
then the example set of new testcases 406 may be generated. In one or more embodiments of the presentinvention, each
example new testcase 406 may be generated by changing the attribute-value of a corresponding attribute in the selected
failing testcase 402 to a different value that is not present in any other failing testcase. For instance, a first new testcase
corresponding to the CTD vector <Andrew, blue, triangle> is obtained by changing the attribute-value of the "name"
attribute in the failing testcase 402 from "Dale" to "Andrew" while keeping the attribute-values for the other attributes the
same as in the failing testcase 402. Similarly, a second new testcase corresponding to the CTD vector <Dale, green,
triangle> is obtained by changing the attribute-value of the "color" attribute in the failing testcase 402 from "Blue" to "Green"
while keeping the attribute-values for the other attributes the same as in the failing testcase 402. Lastly, a third new
testcase corresponding to the CTD vector <Dale, blue, square> is obtained by changing the attribute-value of the "shape”
attribute in the failing testcase 402 from "triangle" to "square" while keeping the attribute-values for the other attributes the
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same as in the failing testcase 402.

[0067] It should be appreciated that the respective attribute-value that is changed to obtain each new testcase 406 is
obviously not present in the selected failing testcase 402. Moreover, each changed attribute-value is not present in any
otherfailing testcase as well (e.g., failing testcase 404). Specifically, the changed attribute-value "Andrew" for the first new
testcase is not present in any failing testcase; the changed attribute-value "green" for the second new testcase is not
present in any failing testcase; and the changed attribute-value "square" for the third new testcase is not present in any
failing testcase.

[0068] After generating the set of new testcases 318 by performing inverse combinatorics on a selected failing testcase
314, the testcase execution module(s) 108 is used for executing the new testcases 318, at block 612 of the method 600.
Further, atblock 614, one or more n-wise error localization modules 322 detect and localize an n-wise or lesser order error
based on the attributes and their corresponding original failing attribute-values in the selected failing testcase 314 that
when changed resulted in new testcases that pass. In particular, computer-executable instructions of the n-wise error
localization module(s) 322 are executed to assess execution results 320 for the set of new testcases 318 to detect and
localize an n-wise or lesser order error based on those new testcases that yield a successful execution result. As used
herein, a lesser order error refers to an m-wise error where m < n, assuming complete n-wise coverage by the set of CTD
vectors 306.

[0069] Referring again to the example depicted in FIG. 4 which assumes detection and localization of a pairwise error,
execution of the set of new testcases 406 results in the first new testcase corresponding to the CTD vector <Andrew, blue,
triangle> passing; the second new testcase corresponding to the CTD vector <Dale, green, triangle> passing; and the third
new testcase corresponding the CTD vector <Dale, blue, square> failing. In one or more embodiments, the n-wise error
localization module(s) 322 determine, based on the failing execution result for the third new testcase, that the "shape"
attribute is not contributing to a pairwise error because changing the attribute-value from "triangle" in the failing test 402 to
"square" in the third new testcase continues to result in failure.

[0070] Onthe otherhand, the n-wise error localization module(s) 322 may determine that the attributes whose attribute-
values were changed to obtain the new testcases that passed execution do contribute to the pairwise error. Specifically, in
one or more embodiments of the present invention, based on the successful execution result for the first new testcase
corresponding to the CTD vector <Andrew, blue, triangle>, the n-wise error localization module(s) 322 determines that the
"name" attribute and the original failing attribute-value "Dale" are contributing to the pairwise error. Similarly, in one or more
embodiments, based on the successful execution result for the second new testcase corresponding to the CTD vector
<Dale, green, triangle>, the n-wise error localization module(s) 322 determines that the "color" attribute and the original
failing attribute-value "blue" are also contributing to the pairwise error.

[0071] Thus, based on the execution results 320 for the set of new testcases 318, the n-wise error localization module(s)
322 can determine, in the example depicted in FIG. 4, that the attributes "name" and "color" having the attribute-values
"Dale" and "blue," respectively, are responsible for the pairwise error. Stated more generally, the n-wise error localization
module(s) 322 can determine the specific attribute-value pairs that cause an n-wise or lesser order error based on an
assessment of the execution results 320 for the set of new cases 318, and more specifically, the original attribute-values
that were changed in the selected failing testcase to obtain passing new testcases.

[0072] The example depicted in FIG. 4 assumes an initial set of CTD vectors 400 that provides complete pairwise
coverage, inwhich case, a pairwise orlesser order error (e.g., a single attribute-value that causes an error) can be detected
and localized in a single pass of applying inverse combinatorics on a selected failing testcase to obtain the set of new
testcases 318. In general, if the initial set of CTD vectors 306 provides n-wise coverage, then a single pass of applying
inverse combinatorics on a selected failing testcase reveals an n-wise orlesser order error. While a k-wise errorwhere k >n
may be detectable using an initial set of CTD vectors that provides complete n-wise coverage, this is not a guarantee
because the initial set of CTD vectors 306 would not include all k-wise interactions. However, an initial set of CTD vectors
306 that provides complete n-wise coverage (e.g., complete pairwise coverage) may provide some degree of k-wise
coverage where k > n (e.g., three-wise coverage), and thus, based on the particular CTD vectors that are chosen, the
method 600 can reveal a k-wise error ata single pass or after multiple passes of applying inverse combinatorics to selected
failing testcases.

[0073] Referring again to FIG. 6, at block 616 of the method 600, computer-executable instructions of one or more
regression bucket generation module(s) 326 are executed to generate and output a regression bucket 212 of failing
testcases that includes all possible combinations in the Cartesian product space that include the original failing attribute-
value pairs. The regression bucket generation module 326, in one or more embodiments of the present invention, receives
anindication of the error-producing subset of attribute-value pairs 324 as input and determines and outputs the regression
bucket 212 thatincludes only those testcases that correspond to all possible combinations in the Cartesian product space
that include the particular attribute-values that are causing the detected error.

[0074] Referring again to the example of FIG. 4, the regression bucket generation module 326 receives as input the
attributes "name" and "color" and the corresponding attribute-values "Dale" and "blue" that are causing the pairwise error,
determines all attribute-value combinations in the Cartesian product space that include "Dale" and "blue," and populates
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the regression bucket 212 with testcases corresponding to all of these combinations. In this example, the regression
bucket 212 includes the following testcases: (Dale, blue, triangle); (Dale, blue, circle); and (Dale, blue, square). Because
each of the testcases in the regression bucket 212 includes the attribute-values "Dale" and "blue" for the attributes "name”
and "color," respectively, which together are contributing to the detected pairwise error, each testcase in the regression
bucket 212 is ensured to fail. In one or more embodiments of the present invention, the regression bucket 212 can be
outputted for use by a manual tester or another automated debugging algorithm. The regression bucket 212 of failing
testcases can be used to verify whether the detected error has been corrected because all testcases contained in the
regression bucket 212 will pass only when the erroris fixed. Thus, if any testcase in the regression bucket 212 continues to
fail despite modifications made to the SUT 214 in an attempt to correct the error, then this indicates that the error has not
been completely resolved.

[0075] FIG. 7 depicts a flowchart of a method for detecting deficiencies in a testing model using success rates of
attribute-value pairs over time when testing a SUT according to one or more embodiments of the present invention. The
method 700 includes modeling the attribute-value pairs for testing the SUT 214, atblock 702. The modeling is similar to that
performed in the method 600 and generates a dictionary of attributes and their corresponding values that can be used to
create all combinations of testcases.

[0076] Atblock 704, the n-wise coverage CTD vector generation module 304 generates a set of CTD vectors 306 to test
the SUT 214 with n-wise coverage using the model. In one or more embodiments of the presentinvention, the CTD vectors
306 are generated from the entire Cartesian product space of the attributes that are tested for the SUT 214. In example
embodiments of the present invention, each CTD vector 306 is selected only from the reduced test space that excludes
invalid combinations of attribute-values that violate architectural restrictions of the SUT 214. For example, the CTD vector
generation module 304 reduces the entire Cartesian product space associated with the collection of attribute-value pairs
302 down by identifying and excluding those combinations that do not adhere to architectural restrictions associated with
the SUT 214.

[0077] Atblock 706, a set of testcases 202 is generated from the initial set of CTD vectors 306 and executed similar to
block 606 of the method 600. In one or more embodiments of the present invention, generating and executing the
testcases 202 can include using inverse combinatorics based on one or more failing testcases 202 to generate additional
testcases 202.

[0078] Atblock 708, the result of each of the testcases 202 is recorded for at least a predetermined number of executions
ofthe testcases 202, i.e., repeated executions of the same set of testcases 202. The number of executions of the testcases
202 can be limited using a predetermined number of executions, such as 10, 100, 1000 etc., or using a predetermined
duration of time, e.g., executions over an hour, day, a week, a month, etc.

[0079] Aresultof executing testcase is binary, i.e., PASS or FAIL. Accordingly, for a given configuration of the SUT 214,
without any configuration changes, it may be expected that the result of the testcases 202 do not change over the multiple
executions. However, as noted earlier, because of hidden attributes, the same testcase that passes (or fails) in one
execution, with a specific configuration of the SUT 214, can fail (or pass) in another execution, with the same configuration.
Accordingly, the result of the testcases 202 are converted into a non-binary form prior to storing the results, at block 710.
[0080] Converting the results of the testcases 202 into non-binary form is performed by computing a success rate of the
attribute-value pairs used by the testcases. In one or more embodiments of the present invention, the success rate is
computed using Pseudo-Boolean Algebra, such as Heyting algebra, to quantize a vector of Boolean outcomes that
represent a successful/failed testcase. In one or more embodiments of the present invention, an eigen value is calculated
based on the success rates (i.e., Heyting values) computed for each attribute-value pairs used by testcases of the test
model. All of the computed success rates of the test model are aggregated into an eigen vector which is then used to
calculate an eigen value. The success rate (or failure rate) of each attribute-value pair (Spy) is computed based on
execution of each testcase. Thus, the success rate (S/) of an attribute-value pair is a non-binary value that describes the
success/fail rate of a given attribute-value pair over time, where the success rate is computed using Pseudo-Boolean
algebra. The vector thatincludes results of multiple executions of a testcase using an attribute-value pair can be quantized
as Sy =f(t1,t2...tn), where S, = success rate of the attribute-value pair, ti = 1/0 based on success/failure of testcase i, n =
number of testcase executions, and f = Pseudo-Boolean algebra function that converts the Boolean ti values to non-binary
Say- Here, n can be a number of testcases that use the attribute-value pair, and the number of times the testcases are
executed.

[0081] In addition, success rate (St) (or failure rate) for each testcase is also monitored and recorded as a non-binary
value. The success rate (St) of a testcase is computed using Pseudo-Boolean Algebra to quantize a vector of testcase
execution results over time. For example, the vector that includes results of multiple executions of testcase can be
quantized as S¢ =g(t1, t2...tn), where S} = success rate of the testcase, ti = 1/0 based on success/failure of testcase i, n =
number of testcase executions, and g = Pseudo-Boolean algebra function that converts the Boolean ti values to non-binary
St. Here, n can be a number of times the testcase is executed. In one or more embodiments of the present invention, an
eigen valueis calculated based on the success rates (i.e., Heyting values) computed for each test vector (i.e., testcase) of a
test model. All of the computed success rates of the test model are aggregated into an eigen vector which is then used to
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calculate an eigen value

[0082] Tables 1 and 2 depict example test vectors, where the attributes being tested include <name, color, state, age>
and the values used are from the sets shown in Table 1. It is understood that this is just one example, and that in other
embodiments of the present invention, the test vectors can include different attributes, and/or a different number of
attributes in the test vectors. Also, the values of the attributes can vary from those depicted herein. Table 1 depicts the
success rates for each attribute-value pair, while Table 2 depicts the success rates for each testcase. A success rate of a
testcase can be the same as the success rate of a test vector. The last column of Table 2 is an eigen vector of the Pseudo-
Boolean algebra, and includes all of the success rates. The eigen value is a numerical representation of the eigen vector.

Table 1
Table 1A Table 1B Table 1C Table 1D
Name SL:;‘Z 5s Color SL:;‘Z 5s State SL;?:,:Z 5s Age SL::; 5s
Andrew Savi Blue Sav3 Connecticut Savs 20 Sav7
Dan Sava2 Black Sava New York Save 30 Savs
Table 2
Test vector# Name Color State Age Success Rate (St)
1 Andrew Black | Connecticut 20 St
2 Dan Black | Connecticut 20 Sto
3 Andrew Blue Connecticut 20 S13
4 Andrew Black New York 20 S14
5 Andrew Black | Connecticut 30 Sts

[0083] Itshould be noted that a "hidden variable" may cause a testcase to fail intermittently due to difficult to control soft
failures such as other applications, jobs, or services running concurrently with the SUT 214, temperature of the SUT 214,
etc. A "hidden attribute" is an attribute that should be included in the model to generate test vectors with different
combination of attributes. Further, a "hidden attribute-value" is a value that should be included to test an attribute that is
already inthe model, i.e., the combination of attributes does not change, rather combination of attribute-values used to test
the SUT 214 is changed. A "hidden value" is an environmental/outside factor that influences the result of one or more
testcases; a hidden variable is a type of a hidden value.

[0084] Inthe example of Table 2, the testcases using the combination of attribute-values represented by the test vector
#1 fail 50% of the times, and the test vectors #2 and #5 result in the testcases passing 100% of the times. The test vectors
#1, #2, and #5, differ from each other by a single value, as can be seen.

[0085] Let us assume, for the sake of this example, that the combination of the attribute-values <Color, Black> and
<State, Connecticut> cause the testcase to fail. If that is the case, per Pseudo-Boolean algebra, it can be deemed that the
testcases with the test vectors #2 and #5 should have also failed with success rate 50% (same as vector #1). But because
thatis not the case here, it can be deemed that there is a "hidden variable" that the model does not have control over, i.e., a
soft failure caused by, for example, an unknown environmental condition. Further, if all three test vectors, #1, #2, and #5,
resulted in 50% success rate, it can be deemed that there is a "hidden attribute" that has to be used to generate additional
test vectors. Further yet, by adding one or more values to the range of the attributes and monitoring the success rate of the
new attribute-values over time, a "hidden attribute-value" can be detected if a threshold success rate is satisfied by using
the one or more additional values. Also, when a hidden variable is present, and causes intermittent failure, as testcases are
executed, the success rate of a specific test vector may change over time.

[0086] At block 712, the success rates (Sy) of the attribute-value pairs are stored in a data structure, such as a
Karnaugh map, a heatmap, or any other form of a non-uniform data structure that can be analyzed for detecting trends of
the attributes over time. The data structure is non-uniform because each attribute can have a different number of values
that are tested.

[0087] FIG. 8 depicts an example visualization of success rates (Sp) of attribute-value pairs according to one or more
embodiments of the presentinvention. The visualization 800 can be generated based on the data structure used for storing
the success rates (Sy,) using techniques, such as generating a heatmap, a polygon, or any other representation to
visualize the non-uniform table of success rates (Sp,/). The visualization 800 is a non-uniform heat-map in which a color or
shading of each square 802 represents a success rate (S /) of an attribute-value pair corresponding to that square 802. In
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the particular example shown, the darker the square, the lesser the success rate (Sp/), and conversely, the brighter the
square the higher the success rate (Sp,) of the corresponding attribute-value pair. However, itis understood that the heat-
map 800 can be shaded using different rules in other embodiments. Alternatively, or in addition, the success rate (S ) can
be represented using a different property of the visualization, other than color, forexample, a size may be used. Further, itis
understood that although the visualization 800 is a 2D depiction, in other embodiments of the present invention, the
visualization can use different number of dimensions, such as 3D.

[0088] Using the visualization 800, by analyzing a particular range of attributes, the effectiveness of each attribute can
reveal a lack or of depth in the model’s attribute-values. For example, if the attribute "age" in the visualization 800 shows a
success rate (Spy) above (or below) a threshold for each attribute-value pair, the range of values used to test the attribute
may be underdeveloped. Otherwise if adding additional values to the attribute does not change the visualization 800 (i.e.,
the underlying success rates) by at least a predetermined threshold, then the attribute is deemed to be sufficiently
explored.

[0089] At block 714, the success rates are analyzed to determine deficiencies of the testing model and/or data. The
deficiencies can include hidden variable(s), hidden attribute(s), and/or hidden attribute-value(s). In one or more embodi-
ments of the presentinvention, the test model is used to create a test bucket which can be run. Using the results the inverse
combinatoric set for each failed test vector can be computed. Inverse Combinatorics, which is a known technique,
facilitates identifying all failing test vectors. For each failing test vector, an inverse combinatoric setis generated. For each
inverse combinatoric set a new test bucket is generated to test and diagnose the SUT to determine a cause of the failing
testcases. Further, in one or more embodiments of the present invention, the inverse testcases are run and the results are
used to perform root cause analysis, which results in locating the source of the failure in the original test model.
[0090] In one or more embodiments of the present invention, the analysis includes computing an eigen value and an
eigen vector based on the success rates (St) of the testcases 202. For example, the S = <S4, St,... Sy> represents a
vector of the success rates of the testcases 202 over time. The eigen value and eigen vector are computed for the vector S.
[0091] Inoneor more embodiments of the presentinvention, the eigen vector can be visualized in several ways, such as
aline graph. The eigen vectors and eigen values, over time, indicate improvement, and degradation, of the testing process,
and also highlight focal points for execution # n+1 of the testcases 202. In one or more embodiments of the present
invention, the eigen vectors, representing the success rates of the testcases can be used to create a unit vector
representing testing model coverage over time. Further, the eigen vectors and eigen values can be used to monitor/track
changes in quality of outcomes because of changes to existing testcases, generation of new testcases, changes to the
SUT 214, or any other changes. Accordingly, the eigen values and eigen vectors can facilitate quantifying and monitoring
the testcase quality as the SUT 214 and the testing environment 100 changes. This provides a user with a new metric to
maintain and enhance a test infrastructure.

[0092] In one or more embodiments of the present invention, the success rates (S,) are stored in the form of the
Karnaugh map, or any other data structure for the visualization 800. Surface local minima and maxima of the Karnaugh
map can, respectively, identify attribute-value pairs deficient in testing by the present model, and attribute-value pairs that
are inversely covered with robustness. In one or more embodiments of the present invention, the testing environment 100
can indicate that more or different resources may be needed to properly test or stress the SUT 214. Further, multiple such
visualizations 800 obtained over multiple testcase executions can be used to assess the SUT 214. For example, the
visualization 800 can be compared to one or more versions of the visualization 800 to isolate patterns over time to indicate
how the SUT 214 and/or the testing infrastructure 100 matured and changed. The baseline versions used for comparison
can be one or more visualizations 800 that are generated using the SUT 214 itself. Alternatively, or in addition, the baseline
visualizations 800 can include a reference visualization that was generated offline using a different instance of the SUT
214.

[0093] In one or more embodiments of the present invention, clustering can be performed on each set of the
visualizations 800 at each release version of the SUT 214, and identify individual maps that migrate from one cluster
to another that are disparate with their peer’s migration. For example, localized hotspots can migrate as the hidden
attribute is triggered, which correlates to assessing similar attributes/test scopes to determine whether the same attributes
that cause the failure surface under multiple views.

[0094] Further, the analysis includes determining if the success rate Sy of a first combination of values of a test vector
(e.g., vector#1 in table 1) deviates from other combination of values of the same test vector (e.g., vectors #2 and #5 in table
1). If this condition is satisfied, it can be deemed that a hidden variable is associated with the testcases 202 that use the first
test vector. For example, if a first combination of attribute-values for a test vector has a first success rate, e.g., 50%, and all
other combinations of the attribute-values have a second success rate, e.g., 100%, the first combination is deemed to
trigger a softfailure. In one or more embodiments of the presentinvention, the user can be notified of the testcases 202, the
test vectors, and the combination of attribute-values that trigger such soft failures, at block 716.

[0095] Additionally, ifthe success rate S of a particular testcase is below a predetermined threshold, e.g., 50%, over the
predetermined number of test executions (or duration), a "hidden attribute-value" can be detected if a threshold success
rate Sy is satisfied by using the one or more additional values by adding one or more values to the range of attribute-values
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and monitoring the success rate S;’ of the new attribute-values over time at block 718.

[0096] Alternatively, or in addition, at block 718, the hidden-attribute value can be detected based on a set of success
rates (Spy) corresponding to a set of attribute-value pairs associated with an attribute are all below a predetermined
threshold. The attribute can then be further diagnosed by adding more test vectors using additional attribute-values and
executing the testcases using the additional attribute-values. If the success rates S,/ of the testcases executed with the
additional attribute-values satisfies the predetermined threshold, a hidden attribute-value condition has been identified
and the hidden value has been found. The user is notified accordingly.

[0097] Ifthe threshold success rate is not satisfied, the user may be notified of a hidden attribute or to diagnose the SUT
214 based on determining whether a hidden attribute exists, at block 720. That is, additional attribute may be required to
exercise the code paths that are causing the testcases to fail with the particular test vector.

[0098] FIG. 9 depicts a flowchart of a method for determining if a hidden attribute exists in the present testing model
according to one or more embodiments of the presentinvention. The method 900 is triggered in response to detecting that
success rate St of a testcase is below a predetermined threshold, e.g., 50%. It should be noted that the success rate Syin
all the examples herein, except where explicitly mentioned, is above 0%, because St = 0% indicates that the testcase is
consistently failing. Here, the testcase is succeeding and failing intermittently, and hence, the technical challenge of
determining whether the fault lies in the SUT 214, the testcase, the environment (soft failure), or any other factor.
[0099] The method 900 includes generating an entire set of inverse combinatorial testcases based on the present
model, the attribute-value pairs from the test vector, and the intermittently failing testcases 202, at block 902. Known
techniques of inverse CTD can be used to generate the set of testcases. The set of testcases that is generated has the
same number of testcases as the intermittently failing testcases 202, with one-to-one correspondence between a testcase
A from the original set of testcases and a corresponding testcase A’ in the inverse combinatorial testcases.

[0100] Aninverse combinatoric setis defined as a set of mutated test vectors where one attribute value is replaced with
another value from the original test model. For a minimal mutation, n test vectors are created where n is the number of
attributes in the initial failing test vector. For example, if a failed test vector is <Andrew, Black, New York, 20, 0> (See Table
2), a maximum inverse combinatoric set is:

Debbie Black New York 20 0
Ryan Black New York 20 0
Mike Black New York 20 0
Dale Black New York 20 0
Daniel Black New York 20 0
Andrew Blue New York 20 0
Andrew Red New York 20 0
Andrew Yellow New York 20 0
Andrew Orange New York 20 0
Andrew Black Connecticut 20 0
Andrew Black Maine 20 0
Andrew Black Pennsylvania 20 0
Andrew Black New York 30 0
Andrew Black New York 40 0
Andrew Black New York 50 0
Andrew Black New York 20 8
[0101] A minimal inverse combinatoric set in this example can be:
Ryan black New York 20 0
Andrew blue New York 20 0
Andrew black Pennsylvania 20 0
Andrew black New York 30 0
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(continued)

Andrew black New York 20 0

[0102] The setof inverse combinatorial testcases is executed at least a predetermined number of times, at block 904.
The success rates S;’ of the set of inverse combinatorial testcases is recorded and stored, at block 906. The success rates
S+’ ofthe set of inverse combinatorial testcases are computed using Pseudo-Boolean algebra in the same manner as the
success rates of the original testcases.

[0103] Thesuccessrates Sy’ ofthe inverse combinatorial testcases are compared with the corresponding success rates
St of the intermittently failing testcases, i.e., original testcases, at block 908. In one or more embodiments of the present
invention, the comparison can be performed by comparing the eigen value of the vector of the success rate S;’ with the
eigen value of the vector of the success rates Sy.

[0104] If all of the failing tests in the inverse combinatorial testcases fail at the same rate as those in the original set of
testcases, it can be deemed that there is a defect with the testing model, at block 910. For example, if the two eigen values
are the same, the two sets of testcases are deemed to be failing at the same rate. The user is notified that the testing model
needs to be diagnosed and revised in this case, at block 912.

[0105] Alternatively, if none of the testcases in the set of inverse combinatorial testcase fail, then it is deemed that a
hidden model attribute is to be added to the model, and the user is notified accordingly, at blocks 914 and 916. If the rate of
failing of the testcases is different, and at least some of the testcases in the set of inverse combinatorial testcase fail, then
the user is notified that the SUT 214 has to be diagnosed to determine cause of the failing testcases, at block 918.
[0106] FIG. 10depicts aflowchartof a method foridentifying portions of the SUT that drive a hidden attribute according to
one or more embodiments of the present invention. As described so far, using Pseudo-Boolean algebra, eigen vectors,
and non-uniform table heat-maps can help to identify the testcases that reveal that the model is missing one or more
attributes, i.e., hidden attributes. The next technical challenge is to determine what these hidden attributes are for a given
model. Embodiments of the present invention address these technical challenges by using Pseudo-Boolean algebra,
eigen vectors, and non-uniform table heat-maps to identify and generate additional testcases that drive the path
corresponding to lower pseudo-Boolean values in the original set of testcases. Darker areas of the visualization 800,
which represent attribute-value pairs with success rate values below a predetermined threshold, are indicative of
testcases that expose hidden attributes in the model.

[0107] Embodiments of the presentinvention, such as the method 1000 in FIG. 10, and method 1100in FIG. 11, facilitate
using breakpoints to trace the code paths of successful and failing runs of the testcases to isolate the portions, forexample,
code paths thatthose testcases exercise. One or more portions ofthe SUT 214, for example, code paths, are identified and
highlighted as areas to investigate further to identify hidden attributes based on system configurations and timing windows.
[0108] The method 1000 includes identifying a set of attribute-value pairs that have success rates (S,,) below a
predetermined threshold, at block 1002. The attribute-value pairs are those that will be represented with darker shades in
the visualization 800, in which the success rates (S, are used to determine the shading of the squares; lower the Sy,
darker the square. In one or more embodiments of the present invention, a user selects one or more squares in the
visualization 800 that are to be investigated further using a graphical user interface (GUI). Alternatively, or in addition, the
user can provide the threshold S, to select the squares with Sy, lower (or greater) than the threshold.

[0109] Further, at block 1004, a subset of testcases from the testcases 202 that are executed is identified, where the
testcases from the subset use at least one of attribute-value pair from the identified set of attribute-value pairs. Identifying
the subset of testcases can be performed by scanning the testcases 202 to identify the testcases that use any of the
identified attribute-value pairs. Alternatively, the test execution engine 108, or the test generator 208 keep a record of the
testcases and corresponding attribute-value pairs.

[0110] At block 1006, code paths associated with the subset of testcases are determined. The code paths can be
determined using the fingerprints 206 associated with each of the testcase in the subset.

[0111] Atblock 1008, intersection areas of the code paths are determined. The intersection areas further zoom into, or
hone into, portions of the SUT 214 that are causing the most intermittent success/failures of the testcases 202. In one or
more embodiments of the presentinvention, the intersection areas of the code paths are highlighted in the source code of
the SUT 214, at block 1010.

[0112] In one or more embodiments of the present invention, debugging code is generated to diagnose the portions of
the SUT 214 that are identified in this manner, at block 1012. The debugging code can be provided to the user to apply and
diagnose the soft failures or any other defects causing the intermittent success/failure of the testcases. For example, if the
SUT 214 is based on Z/OS®, commands such as SLIP or any other such commands used to investigate performance
related concerns can be used to generate the debugging code. It is understood that if the SUT 214 is using any other
architecture or operating system, performance related commands from that architecture will be used to generate the
debugging code.

[0113] FIG. 11 depicts a flowchart of a method for identifying portions of the SUT that drive a hidden attribute according to
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one or more embodiments of the presentinvention. Method 1100 includes identifying a set of attribute-value pairs that have
success rates (Spy) below a predetermined threshold, at block 1102. The attribute-value pairs are those that will be
represented with darker shades in the visualization 800, in which the success rates (Sy) are used to determine the
shading of the squares; lower the S,,,, darker the square. In one or more embodiments of the present invention, a user
selects one or more squares in the visualization 800 that are to be investigated further using a graphical user interface
(GUI). Alternatively, or in addition, the user can provide the threshold S, to select the squares with Sy, lower (or greater)
than the threshold.

[0114] Further, at block 1104, a subset of testcases from the testcases 202 that are executed is identified, where the
testcases from the subset use at least one of attribute-value pair from the identified set of attribute-value pairs. Identifying
the subset of testcases can be performed by scanning the testcases 202 to identify the testcases that use any of the
identified attribute-value pairs. Alternatively, the test execution engine 108, or the test generator 208 keep a record of the
testcases and corresponding attribute-value pairs.

[0115] Foreachtestcaseinthe subsetoftestcases, determine afirst code path associated with a successful execution of
the testcase, and determine a second code path associated with a failed execution of the testcase, at block 1106. The code
paths can be determined using the fingerprints 206 associated with each of the testcase in the subset.

[0116] Thefirst code path and the second code path are compared to identify portions of the code path that are different,
and these portions are highlighted for inspection by a user, at block 1108. Code paths can be compared using text
comparison to compare the source code that is in the code paths, in one or more embodiments of the present invention.
The highlighting of the portions of the code paths can be performed by sending commands to a graphical user interface that
identify the portions of the source code that are to be marked and highlighted.

[0117] In one or more embodiments of the present invention, debugging code is generated to diagnose the portions of
the SUT 214 that are identified in this manner, at block 1110. The debugging code can be provided to the user to apply and
diagnose the soft failures or any other defects causing the intermittent success/failure of the testcases. For example, if the
SUT 214 is based on Z/OS®, commands such as SLIP or any other such commands used to investigate performance
related concerns can be used to generate the debugging code. It is understood that if the SUT 214 is using any other
architecture or operating system, performance related commands from that architecture will be used to generate the
debugging code.

[0118] Embodiments of the presentinvention accordingly facilitate focus artistic testing on darker (or lighter) areas in the
visualization 800 because those areas highlight defects that cause the testcase to succeed/fail more intermittently
compared to other areas of the visualization 800. Embodiments of the present invention further facilitate using break
points, fingerprints, or other techniques to highlight areas in the source code of the SUT 214 to be investigated further
based on the visualization 800 depicted weak spots.

[0119] Utilizing Pseudo-Boolean algebra, such as Heyting algebra, the testing system 100 can quantize the success
rate of a testcase while encapsulating the hidden variables that consistently affect the outcome of the testcase. This
enables a user to more reliably identify when the testcase is failing due to factors beyond the test infrastructure itself such
thatresources can be adjusted or new testinfrastructure can be developed accordingly. This enhanced success metric can
be used to improve the efficiency and reliability of testing the stability of the SUT 214.

[0120] Turning now to FIG. 12, a computer system 1200 is generally shown in accordance with an embodiment. The
computer system 1200 can be an electronic, computer framework comprising and/or employing any number and
combination of computing devices and networks utilizing various communication technologies, as described herein.
The computer system 1200 can be easily scalable, extensible, and modular, with the ability to change to different services
or reconfigure some features independently of others. The computer system 1200 may be, for example, a server, desktop
computer, laptop computer, tablet computer, or smartphone. In some examples, computer system 1200 may be a cloud
computing node. Computer system 1200 may be described in the general context of computer system executable
instructions, such as program modules, being executed by a computer system. Generally, program modules may include
routines, programs, objects, components, logic, data structures, and so on that perform particular tasks or implement
particular abstract data types. Computer system 1200 may be practiced in distributed cloud computing environments
where tasks are performed by remote processing devices that are linked through a communications network. In a
distributed cloud computing environment, program modules may be located in both local and remote computer system
storage media including memory storage devices.

[0121] As shown in FIG. 12, the computer system 1200 has one or more central processing units (CPU(s)) 1201a,
1201b, 1201c, etc. (collectively or generically referred to as processor(s) 1201). The processors 1201 can be a single-core
processor, multi-core processor, computing cluster, or any number of other configurations. The processors 1201, also
referred to as processing circuits, are coupled via a system bus 1202 to a system memory 1203 and various other
components. The system memory 1203 can include a read only memory (ROM) 1204 and a random access memory
(RAM) 1205. The ROM 1204 is coupled to the system bus 1202 and may include a basic input/output system (BIOS), which
controls certain basic functions of the computer system 1200. The RAM is read-write memory coupled to the system bus
1202 for use by the processors 1201. The system memory 1203 provides temporary memory space for operations of said
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instructions during operation. The system memory 1203 can include random access memory (RAM), read only memory,
flash memory, or any other suitable memory systems.

[0122] The computer system 1200 comprises an input/output (1/0O) adapter 1206 and a communications adapter 1207
coupled to the system bus 1202. The I/O adapter 1206 may be a small computer system interface (SCSI) adapter that
communicates with a hard disk 1208 and/or any other similar component. The I/0 adapter 1206 and the hard disk 1208 are
collectively referred to herein as a mass storage 1210.

[0123] Software 1211 for execution on the computer system 1200 may be stored in the mass storage 1210. The mass
storage 1210 is an example of a tangible storage medium readable by the processors 1201, where the software 1211 is
stored as instructions for execution by the processors 1201 to cause the computer system 1200 to operate, such as is
described herein below with respect to the various Figures. Examples of computer program product and the execution of
such instruction is discussed herein in more detail. The communications adapter 1207 interconnects the system bus 1202
with a network 1212, which may be an outside network, enabling the computer system 1200 to communicate with other
such systems. In one embodiment, a portion of the system memory 1203 and the mass storage 1210 collectively store an
operating system, which may be any appropriate operating system, such as the z/OS or AIX operating system from IBM
Corporation, to coordinate the functions of the various components shown in FIG. 12.

[0124] Additional input/output devices are shown as connected to the system bus 1202 via a display adapter 1215 and
an interface adapter 1216 and. In one embodiment, the adapters 1206, 1207, 1215, and 1216 may be connected to one or
more /O buses that are connected to the system bus 1202 via an intermediate bus bridge (not shown). A display 1219
(e.g., a screen or a display monitor) is connected to the system bus 1202 by a display adapter 1215, which may include a
graphics controller to improve the performance of graphics intensive applications and a video controller. Akeyboard 1221,
amouse 1222, a speaker 1223, etc. can be interconnected to the system bus 1202 via the interface adapter 1216, which
may include, for example, a Super I/O chip integrating multiple device adapters into a single integrated circuit. Suitable I/O
buses for connecting peripheral devices such as hard disk controllers, network adapters, and graphics adapters typically
include common protocols, such as the Peripheral Component Interconnect (PCI). Thus, as configured in FIG. 12, the
computer system 1200 includes processing capability in the form of the processors 1201, and, storage capability including
the system memory 1203 and the mass storage 1210, input means such as the keyboard 1221 and the mouse 1222, and
output capability including the speaker 1223 and the display 1219.

[0125] In some embodiments, the communications adapter 1207 can transmit data using any suitable interface or
protocol, such as the internet small computer system interface, among others. The network 1212 may be a cellular
network, a radio network, a wide area network (WAN), a local area network (LAN), or the Internet, among others. An
external computing device may connect to the computer system 1200 through the network 1212. In some examples, an
external computing device may be an external webserver or a cloud computing node.

[0126] Itistobe understood thatthe block diagram of FIG. 12is notintended to indicate thatthe computer system 1200 is
toinclude all of the components shown in FIG. 12. Rather, the computer system 1200 can include any appropriate fewer or
additional components not illustrated in FIG. 12 (e.g., additional memory components, embedded controllers, modules,
additional network interfaces, etc.). Further, the embodiments described herein with respect to computer system 1200
may be implemented with any appropriate logic, wherein the logic, as referred to herein, can include any suitable hardware
(e.g., a processor, an embedded controller, or an application specific integrated circuit, among others), software (e.g., an
application, among others), firmware, or any suitable combination of hardware, software, and firmware, in various
embodiments.

[0127] It is to be understood that although this disclosure includes a detailed description on cloud computing,
implementation of the teachings recited herein are not limited to a cloud computing environment. Rather, embodiments
of the present invention are capable of being implemented in conjunction with any other type of computing environment
now known or later developed.

[0128] Cloud computing is a model of service delivery for enabling convenient, on-demand network access to a shared
pool of configurable computing resources (e.g., networks, network bandwidth, servers, processing, memory, storage,
applications, virtual machines, and services) that can be rapidly provisioned and released with minimal management effort
orinteraction with a provider of the service. This cloud model may include atleast five characteristics, atleast three service
models, and at least four deployment models.

[0129] Characteristics are as follows:

On-demand self-service: a cloud consumer can unilaterally provision computing capabilities, such as server time and
network storage, as needed automatically without requiring human interaction with the service’s provider.

Broad network access: capabilities are available over a network and accessed through standard mechanisms that
promote use by heterogeneous thin or thick client platforms (e.g., mobile phones, laptops, and PDAs).

Resource pooling: the provider’s computing resources are pooled to serve multiple consumers using a multi-tenant
model, with different physical and virtual resources dynamically assigned and reassigned according to demand.
There is a sense of location independence in that the consumer generally has no control or knowledge over the exact
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location of the provided resources but may be able to specify location at a higher level of abstraction (e.g., country,
state, or datacenter).

Rapid elasticity: capabilities can be rapidly and elastically provisioned, in some cases automatically, to quickly scale
outand rapidly released to quickly scale in. To the consumer, the capabilities available for provisioning often appear to
be unlimited and can be purchased in any quantity at any time.

Measured service: cloud systems automatically control and optimize resource use by leveraging a metering capability
at some level of abstraction appropriate to the type of service (e.g., storage, processing, bandwidth, and active user
accounts). Resource usage can be monitored, controlled, and reported, providing transparency for both the provider
and consumer of the utilized service.

[0130] Service Models are as follows:

Software as a Service (SaaS): the capability provided to the consumer is to use the provider’s applications running on
a cloud infrastructure. The applications are accessible from various client devices through a thin client interface such
as a web browser (e.g., web-based e-mail). The consumer does not manage or control the underlying cloud
infrastructure including network, servers, operating systems, storage, or even individual application capabilities,
with the possible exception of limited user-specific application configuration settings.

Platform as a Service (PaaS): the capability provided to the consumer is to deploy onto the cloud infrastructure
consumer-created or acquired applications created using programming languages and tools supported by the
provider. The consumer does not manage or control the underlying cloud infrastructure including networks, servers,
operating systems, or storage, but has control over the deployed applications and possibly application hosting
environment configurations.

Infrastructure as a Service (laaS): the capability provided to the consumer is to provision processing, storage,
networks, and other fundamental computing resources where the consumer is able to deploy and run arbitrary
software, which can include operating systems and applications. The consumer does not manage or control the
underlying cloud infrastructure but has control over operating systems, storage, deployed applications, and possibly
limited control of select networking components (e.g., host firewalls).

[0131] Deployment Models are as follows:

Private cloud: the cloud infrastructure is operated solely for an organization. It may be managed by the organization or
a third party and may exist on-premises or off-premises.

Community cloud: the cloud infrastructure is shared by several organizations and supports a specific community that
has shared concerns (e.g., mission, security requirements, policy, and compliance considerations). It may be
managed by the organizations or a third party and may exist on-premises or off-premises.

Public cloud: the cloud infrastructure is made available to the general public or a large industry group and is owned by
an organization selling cloud services.

Hybrid cloud: the cloud infrastructure is a composition of two or more clouds (private, community, or public) that remain
unique entities but are bound together by standardized or proprietary technology that enables data and application
portability (e.g., cloud bursting for load-balancing between clouds).

[0132] A cloud computing environment is service oriented with a focus on statelessness, low coupling, modularity, and
semantic interoperability. At the heart of cloud computing is an infrastructure that includes a network of interconnected
nodes.

[0133] Referring now to FIG. 13, illustrative cloud computing environment 50 is depicted. As shown, cloud computing
environment 50 includes one or more cloud computing nodes 10 with which local computing devices used by cloud
consumers, such as, for example, personal digital assistant (PDA) or cellular telephone 54A, desktop computer 54B,
laptop computer 54C, and/or automobile computer system 54N may communicate. Nodes 10 may communicate with one
another. They may be grouped (not shown) physically or virtually, in one or more networks, such as Private, Community,
Public, or Hybrid clouds as described hereinabove, or a combination thereof. This allows cloud computing environment 50
to offer infrastructure, platforms and/or software as services for which a cloud consumer does not need to maintain
resources on a local computing device. It is understood that the types of computing devices 54A-N shown in FIG. 13 are
intended to be illustrative only and that computing nodes 10 and cloud computing environment 50 can communicate with
any type of computerized device over any type of network and/or network addressable connection (e.g., using a web
browser).

[0134] ReferringnowtoFIG. 14, a setoffunctional abstraction layers provided by cloud computing environment 50 (FIG.
13)is shown. It should be understood in advance that the components, layers, and functions shown in FIG. 14 are intended
to be illustrative only and embodiments of the invention are not limited thereto. As depicted, the following layers and
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corresponding functions are provided:

[0135] Hardware and software layer 60 includes hardware and software components. Examples of hardware compo-
nentsinclude: mainframes 61; RISC (Reduced Instruction Set Computer) architecture based servers 62; servers 63; blade
servers 64; storage devices 65; and networks and networking components 66. In some embodiments, software
components include network application server software 67 and database software 68.

[0136] Virtualization layer 70 provides an abstraction layer from which the following examples of virtual entities may be
provided: virtual servers 71; virtual storage 72; virtual networks 73, including virtual private networks; virtual applications
and operating systems 74; and virtual clients 75.

[0137] In one example, management layer 80 may provide the functions described below. Resource provisioning 81
provides dynamic procurement of computing resources and other resources that are utilized to perform tasks within the
cloud computing environment. Metering and Pricing 82 provide cost tracking as resources are utilized within the cloud
computing environment, and billing or invoicing for consumption of these resources. In one example, these resources may
include application software licenses. Security provides identity verification for cloud consumers and tasks, as well as
protection for data and other resources. User portal 83 provides access to the cloud computing environment for consumers
and system administrators. Service level management 84 provides cloud computing resource allocation and management
such that required service levels are met. Service Level Agreement (SLA) planning and fulfillment 85 provide pre-
arrangement for, and procurement of, cloud computing resources for which a future requirement is anticipated in
accordance with an SLA.

[0138] Workloads layer 90 provides examples of functionality for which the cloud computing environment may be
utilized. Examples of workloads and functions which may be provided from this layer include: mapping and navigation 91;
software development and lifecycle management 92; virtual classroom education delivery 93; data analytics processing
94; transaction processing 95; and testing 96.

[0139] Inone or more embodiments of the present invention, the computer system can be the environment 100 with the
SUT 214 being a computer program or a hardware component being used by the computer system. In one or more
embodiments of the present invention, the computer system can be the SUT 214, which is part of a server cluster.
[0140] The presentinvention may be a system, a method, and/or a computer program product at any possible technical
detail level of integration. The computer program product may include a computer-readable storage medium (or media)
having computer-readable program instructions thereon for causing a processor to carry out aspects of the present
invention.

[0141] The computer-readable storage medium can be a tangible device that can retain and store instructions for use by
an instruction execution device. The computer-readable storage medium may be, for example, but is not limited to, an
electronic storage device, a magnetic storage device, an optical storage device, an electromagnetic storage device, a
semiconductor storage device, or any suitable combination of the foregoing. A non-exhaustive list of more specific
examples of the computer-readable storage medium includes the following: a portable computer diskette, a hard disk, a
random access memory (RAM), a read-only memory (ROM), an erasable programmable read-only memory (EPROM or
Flash memory), a static random access memory (SRAM), a portable compact disc read-only memory (CD-ROM), a digital
versatile disk (DVD), a memory stick, a floppy disk, a mechanically encoded device such as punch-cards or raised
structures in a groove having instructions recorded thereon, and any suitable combination of the foregoing. A computer-
readable storage medium, as used herein, is not to be construed as being transitory signals per se, such as radio waves or
other freely propagating electromagnetic waves, electromagnetic waves propagating through a waveguide or other
transmission media (e.g., light pulses passing through a fiber-optic cable), or electrical signals transmitted through a wire.
[0142] Computer-readable program instructions described herein can be downloaded to respective computing/proces-
sing devices from a computer-readable storage medium or to an external computer or external storage device via a
network, for example, the Internet, alocal area network, a wide area network and/or a wireless network. The network may
comprise copper transmission cables, optical transmission fibers, wireless transmission, routers, firewalls, switches,
gateway computers and/or edge servers. A network adapter card or network interface in each computing/processing
device receives computer-readable program instructions from the network and forwards the computer-readable program
instructions for storage in a computer-readable storage medium within the respective computing/processing device.
[0143] Computer-readable program instructions for carrying out operations of the present invention may be assembler
instructions, instruction-set-architecture (ISA) instructions, machine instructions, machine-dependent instructions, mi-
crocode, firmware instructions, state-setting data, configuration data for integrated circuitry, or either source-code or
object code written in any combination of one or more programming languages, including an object-oriented programming
language such as Smalltalk, C++, or the like, and procedural programming languages, such as the "C" programming
language or similar programming languages. The computer-readable program instructions may execute entirely on the
user’s computer, partly on the user’s computer, as a stand-alone software package, partly on the user’s computer and
partly on a remote computer or entirely on the remote computer or server. In the latter scenario, the remote computer may
be connected to the user’'s computer through any type of network, including a local area network (LAN) or a wide area
network (WAN), or the connection may be made to an external computer (for example, through the Internet using an
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Internet Service Provider). In some embodiments, electronic circuitry including, for example, programmable logic circuitry,
field-programmable gate arrays (FPGA), or programmable logic arrays (PLA) may execute the computer-readable
program instruction by utilizing state information of the computer-readable program instructions to personalize the
electronic circuitry, in order to perform aspects of the present invention.

[0144] Aspects of the present invention are described herein with reference to flowchart illustrations and/or block
diagrams of methods, apparatus (systems), and computer program products according to embodiments of the invention. It
will be understood that each block of the flowchart illustrations and/or block diagrams, and combinations of blocks in the
flowchart illustrations and/or block diagrams, can be implemented by computer-readable program instructions.

[0145] These computer-readable program instructions may be provided to a processor of a general-purpose computer,
special purpose computer, or other programmable data processing apparatus to produce a machine, such that the
instructions, which execute via the processor of the computer or other programmable data processing apparatus, create
means for implementing the functions/acts specified in the flowchart and/or block diagram block or blocks. These
computer-readable program instructions may also be stored in a computer-readable storage medium that can direct a
computer, a programmable data processing apparatus, and/or other devices to function in a particular manner, such that
the computer-readable storage medium having instructions stored therein comprises an article of manufacture including
instructions which implement aspects of the function/act specified in the flowchart and/or block diagram block or blocks.
[0146] The computer-readable program instructions may also be loaded onto a computer, other programmable data
processing apparatus, or other device to cause a series of operational steps to be performed on the computer, other
programmable apparatus or other devices to produce a computer-implemented process, such that the instructions which
execute on the computer, other programmable apparatus, or other device implement the functions/acts specified in the
flowchart and/or block diagram block or blocks.

[0147] Theflowchartand block diagramsin the Figures illustrate the architecture, functionality, and operation of possible
implementations of systems, methods, and computer program products according to various embodiments of the present
invention. In this regard, each block in the flowchart or block diagrams may represent a module, segment, or portion of
instructions, which comprises one or more executable instructions for implementing the specified logical function(s). In
some alternative implementations, the functions noted in the blocks may occur out of the order noted in the Figures. For
example, two blocks shown in succession may, in fact, be executed substantially concurrently, or the blocks may
sometimes be executed in the reverse order, depending upon the functionality involved. It will also be noted that each
block of the block diagrams and/or flowchart illustration, and combinations of blocks in the block diagrams and/or flowchart
illustration, can be implemented by special purpose hardware-based systems that perform the specified functions or acts
or carry out combinations of special purpose hardware and computer instructions.

[0148] The descriptions of the various embodiments of the present invention have been presented for purposes of
illustration, but are not intended to be exhaustive or limited to the embodiments disclosed. Many modifications and
variations will be apparent to those of ordinary skill in the art without departing from the scope of the described
embodiments. The terminology used herein was chosen to best explain the principles of the embodiments, the practical
application or technical improvement over technologies found in the marketplace, or to enable others of ordinary skill in the
art to understand the embodiments described herein.

[0149] Various embodiments of the invention are described herein with reference to the related drawings. Alternative
embodiments of the invention can be devised without departing from the scope of this invention. Various connections and
positional relationships (e.g., over, below, adjacent, etc.) are set forth between elements in the following description and in
the drawings. These connections and/or positional relationships, unless specified otherwise, can be direct or indirect, and
the present invention is not intended to be limiting in this respect. Accordingly, a coupling of entities can refer to either a
direct or an indirect coupling, and a positional relationship between entities can be a direct or indirect positional
relationship. Moreover, the various tasks and process steps described herein can be incorporated into a more compre-
hensive procedure or process having additional steps or functionality not described in detail herein.

[0150] Thefollowing definitions and abbreviations are to be used for the interpretation of the claims and the specification.
As used herein, the terms "comprises," "comprising," "includes," "including," "has," "having," "contains" or "containing," or
any other variation thereof, are intended to cover a non-exclusive inclusion. For example, a composition, a mixture,
process, method, article, or apparatus that comprises alist of elements is not necessarily limited to only those elements but
can include other elements not expressly listed or inherent to such composition, mixture, process, method, article, or
apparatus.

[0151] Additionally, the term "exemplary" is used herein to mean "serving as an example, instance or illustration." Any
embodiment or design described herein as "exemplary" is not necessarily to be construed as preferred or advantageous
over other embodiments or designs. The terms "at least one" and "one or more" may be understood to include any integer
number greater than or equal to one, i.e. one, two, three, four, etc. The terms "a plurality” may be understood to include any
integer number greater than or equal to two, i.e. two, three, four, five, etc. The term "connection" may include both an
indirect "connection" and a direct "connection."

[0152] The terms "about," "substantially," "approximately," and variations thereof, are intended to include the degree of
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error associated with measurement of the particular quantity based upon the equipment available at the time of filing the
application. For example, "about" can include a range of + 8% or 5%, or 2% of a given value.

[0153] Forthe sake of brevity, conventional techniques related to making and using aspects of the invention may or may
not be described in detail herein. In particular, various aspects of computing systems and specific computer programs to
implement the various technical features described herein are well known. Accordingly, in the interest of brevity, many
conventional implementation details are only mentioned briefly herein or are omitted entirely without providing the well-
known system and/or process details.

Claims
1. A method for detecting and localizing a fault when testing a system under test, SUT (214), the method comprising:

modeling inputs (602) to the SUT as a collection of attribute-value pairs (302);

generating (604) an initial set of test vectors (306) that provides complete n-wise coverage of a test space
represented by the attribute-value pairs;

generating (606) a set of testcases (202) from the initial set of test vectors;

executing (108) the set of testcases to obtain a set of execution results, the execution results being in binary form
indicative that a testcase succeeded or failed, the set of testcases executed a plurality of times;

updating, for each execution of the set of testcases, for each attribute-value pair, a non-binary success rate (S )
based on the set of execution results, wherein the non-binary success rate of an attribute-value pair is based on
execution results of each testcase that uses said attribute-value pair;

selecting an attribute in response to a set of success rates corresponding to a set of attribute-value pairs
comprising said attribute are all below a predetermined threshold;

generating a second set of test vectors that includes additional values for the attribute that is selected;
executing (612) the set of testcases to obtain a second set of execution results using the second set of test
vectors, wherein the set of testcases is executed at least a predetermined number of times;

recording, for each execution of the set of testcases, for each attribute-value pair, a second non-binary success
rate (S,y') based on the second set of execution results; and

in response to a set of second success rates corresponding to the set of attribute-value pairs comprising said
attribute satisfying the predetermined threshold, notifying (718) a user of the additional values for the attribute that
were detected.

2. The method of claim 1, wherein the non-binary success rate S, is computed using Pseudo-Boolean algebra.

3. The method of claim 1, further comprising, in response to the set of second success rates corresponding to the set of
attribute-value pairs comprising said attribute not satisfying the predetermined threshold, outputting, to the user, an
identification of one or more testcases that use the set attribute-value pairs, wherein the one or more testcases are to
be used for diagnosing a soft failure associated with the SUT.

4. The method of claim 3, wherein a soft failure is caused by one or more operating conditions of the SUT.

5. Themethod of claim 1, wherein a Cartesian product space comprising all possible combinations of the attribute-value
pairs is reduced to a reduced test space at least in part using combinatorics test designing.

6. Themethod of claim 5, wherein the Cartesian product space is further reduced based on an architectural restriction of
the SUT.

7. Themethod of claim 6, wherein the architectural restriction comprises at least one of: a requirementthat a first attribute
cannot take on one or more candidate attribute-values if a second attribute has a particular attribute-value, a
requirement that the first attribute must take on a particular candidate attribute-value if the second attribute has the
particular attribute-value, or a requirement to introduce a third attribute if the second attribute has the particular
attribute-value.

8. A system comprising:

a memory (1203); and
aprocessor coupled with the memory, the processor configured to perform a method for detecting and localizing a
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fault when testing a system under test, SUT (214), the method comprising:

modeling (602) inputs to the SUT as a collection of attribute-value pairs (302);

generating (604) an initial set of test vectors that provides complete n-wise coverage of a test space
represented by the attribute-value pairs;

generating (606) a set of testcases from the initial set of test vectors;

executing the set of testcases to obtain a set of execution results, the execution results being in binary form
indicative that a testcase succeeded or failed, the set of testcases executed a plurality of times;
updating, for each execution of the set of testcases, for each attribute-value pair, a non-binary success rate
(Say) based on the set of execution results, wherein the non-binary success rate of an attribute-value pair is
based on execution results of each testcase that uses said attribute-value pair;

selecting an attribute in response to a set of success rates corresponding to a set of attribute-value pairs
comprising said attribute are all below a predetermined threshold:

generating a second set of test vectors that includes additional values for the attribute that is selected;
executing (612) the set of testcases to obtain a second set of execution results using the second set of
test vectors, wherein the set of testcases is executed at least a predetermined number of times;
recording, for each execution of the set of testcases, for each attribute-value pair, a second non-binary
success rate (S,,/’) based on the second set of execution results; and

in response to a set of second success rates corresponding to the set of attribute-value pairs comprising
said attribute satisfying the predetermined threshold, notifying a user of the additional values for the
attribute that were detected, and outputting, to the user, an identification of one or more testcases that
use the set attribute-value pairs, wherein the one or more testcases are to be used for diagnosing a soft
failure associated with the SUT.

9. The system of claim 8, wherein the non-binary success rate S, is computed using Pseudo-Boolean algebra.

10. The system of claim 8, wherein the method further comprises, in response to the set of second success rates
corresponding to the set of attribute-value pairs comprising said attribute not satisfying the predetermined threshold,
outputting, to the user, an identification of one or more testcases that use the set attribute-value pairs, wherein the one
or more testcases are to be used for diagnosing a soft failure associated with the SUT.

11. The system of claim 10, wherein a soft failure is caused by one or more operating conditions of the SUT.

12. The system of claim 8, wherein a Cartesian product space comprising all possible combinations of the attribute-value
pairs is reduced to a reduced test space at least in part using combinatorics test designing.

13. Thesystemof claim 12, wherein the Cartesian product space is further reduced based on an architectural restriction of
the SUT.

14. The system of claim 13, wherein the architectural restriction comprises at least one of: a requirement that a first
attribute cannot take on one or more candidate attribute-values if a second attribute has a particular attribute-value, a
requirement that the first attribute must take on a particular candidate attribute-value if the second attribute has the
particular attribute-value, or a requirement to introduce a third attribute if the second attribute has the particular
attribute-value.

15. A computer program product for detecting and localizing a fault when testing a system under test, the computer
program product comprising: a computer readable storage medium readable by a processing circuit and storing
instructions for execution by the processing circuit for performing a method according to any of claims 1 to 7.

Patentanspriiche

1. Verfahren zum Erkennen und Lokalisieren eines Fehlers beim Priifen eines Testsystems, SUT (214), wobei das

Verfahren aufweist:

Modellieren von Eingaben (602) an das SUT als eine Zusammenstellung von Attribut-Wert-Paaren (302);
Erzeugen (604) eines Anfangssatzes von Testvektoren (306), der eine vollstandige n-weise Abdeckung eines
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Testraumes bereitstellt, der von den Attribut-Wert-Paaren dargestellt wird;

Erzeugen (606) eines Satzes von Testféllen (202) aus dem Anfangssatz von Testvektoren;

Ausfiihren (108) des Satzes von Testfallen zum Erhalten eines Satzes von Ausfiihrungsergebnissen, wobei die
Ausfiihrungsergebnisse in binarer Form anzeigen, dass ein Testfall erfolgreich war oder versagt hat, wenn der
Satz von Testfallen mehrmals ausgefiihrt wird;

far jede Ausfiihrung des Satzes von Testféllen Aktualisieren einer nicht bindren Erfolgsrate (S,) beruhend auf
dem Satz von Ausfiihrungsergebnissen fir jedes Attribut-Wert-Paar, wobei die nicht binare Erfolgsrate eines
Attribut-Wert-Paars auf den Ausflihrungsergebnissen von jedem Testfall beruht, der das Attribut-Wert-Paar
verwendet;

Auswahlen eines Attributs in Reaktion darauf, dass bei einem Satz von Erfolgsraten, der einem Satz von Attribut-
Wert-Paaren entspricht, die das Attribut aufweisen, alle unterhalb eines vorgegebenen Schwellenwerts sind;
Erzeugen eines zweiten Satzes von Testvektoren, der zusatzliche Werte fir das ausgewahlte Attribut enthalt;
Ausflihren (612) des Satzes von Testfallen zum Erhalten eines zweiten Satzes von Ausflihrungsergebnissen mit
dem zweiten Satz von Testvektoren, wobei der Satz von Testfallen wenigstens eine vorgegebene Anzahl von
Malen ausgefiihrt wird;

fir jede Ausflihrung des Satzes von Testfallen Aufzeichnen einer zweiten nicht bindren Erfolgsrate (Sp,/) fur
jedes Attribut-Wert-Paar beruhend auf dem zweiten Satz von Ausflihrungsergebnissen; und

in Reaktion darauf, dass ein Satz von zweiten Erfolgsraten, der dem Satz von das Attribut aufweisenden Attribut-
Wert-Paaren entspricht, den vorgegebenen Schwellenwert erfillt, Benachrichtigen (718) eines Nutzers von den
zuséatzlichen, fir das Attribut erkannten Werten.

Verfahren nach Anspruch 1, wobei die nicht binére Erfolgsrate S, mit einer Pseudo-Booleschen-Algebra berechnet
wird.

Verfahren nach Anspruch 1, das in Reaktion darauf, dass der Satz von Erfolgsraten, der dem Satz von das Attribut
aufweisenden Attribut-Wert-Paaren entspricht, den vorgegebenen Schwellenwert nicht erfillt, ferner das Ausgeben
einer ldentifikation an den Nutzer des einen oder der mehreren Testfalle aufweist, die den Satz von Attribut-Wert-
Paaren verwenden, wobei der eine oder die mehreren Testfalle zum Diagnostizieren eines dem SUT zugeordneten
Soft-Fehlers verwendet werden sollen.

Verfahren nach Anspruch 3, wobei ein Soft-Fehler durch eine oder mehrere Betriebsbedingungen des SUT verur-
sacht werden.

Verfahren nach Anspruch 1, wobei ein kartesischer Produktraum, der alle méglichen Kombinationen der Attribut-
Wert-Paare aufweist, wenigstens teilweise mit Kombinatorik-Testdesigns auf einen reduzierten Testraum reduziert
wird.

Verfahren nach Anspruch 5, wobei der kartesische Produktraum ferner auf einer architektonischen Einschrankung
des SUT beruhend reduziert wird.

Verfahren nach Anspruch 6, wobei die architektonische Einschrankung wenigstens eines aufweist: eine Anforderung,
dass ein erstes Attribut nicht einen oder mehrere potenzielle Attributwerte annehmen kann, wenn ein zweites Attribut
einen bestimmten Attributwert aufweist, eine Anforderung, dass das erste Attribut einen bestimmten potenziellen
Attributwert annehmen muss, wenn das zweite Attribut den bestimmten Attributwert aufweist, oder eine Anforderung
zum EinflUhren eines dritten Attributs, wenn das zweite Attribut den bestimmten Attributwert aufweist.

System, das aufweist:

einen Arbeitsspeicher (1203); und

einen mit dem Arbeitsspeicher verbundenen Prozessor, wobei der Prozessor konfiguriert ist, ein Verfahren zum
Erkennen und Lokalisieren eines Fehlers beim Priifen eines Testsystems, SUT (214), durchzufiihren, wobei das
Verfahren aufweist:

Modellieren (602) von Eingaben an das SUT als eine Zusammenstellung von Attribut-Wert-Paaren (302);
Erzeugen (604) eines Anfangssatzes von Testvektoren, der eine vollstandige n-weise Abdeckung eines
Testraumes bereitstellt, der von den Attribut-Wert-Paaren dargestellt wird;

Erzeugen (606) eines Satzes von Testféllen aus dem Anfangssatz von Testvektoren;

Ausfliihren des Satzes von Testfallen zum Erhalten eines Satzes von Ausfiihrungsergebnissen, wobei die
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Ausfiihrungsergebnisse in binarer Form anzeigen, dass ein Testfall erfolgreich war oder versagt hat, wenn
der Satz von Testfallen mehrmals ausgefiihrt wird;

fur jede Ausfliihrung des Satzes von Testféllen Aktualisieren einer nicht bindren Erfolgsrate (S ) beruhend
auf dem Satz von Ausfiihrungsergebnissen fur jedes Attribut-Wert-Paar, wobei die nicht binare Erfolgsrate
eines Attribut-Wert-Paars auf den Ausfiihrungsergebnissen jedes Testfalls beruht, der das Attribut-Wert-
Paar verwendet;

Auswahlen eines Attributs in Reaktion darauf, dass bei einem Satz von Erfolgsraten, der einem Satz von
Attribut-Wert-Paaren entspricht, die das Attribut aufweisen, alle unterhalb eines vorgegebenen Schwellen-
werts sind;

Erzeugen eines zweiten Satzes von Testvektoren, der zusatzliche Werte fir das ausgewahlte Attribut
enthalt;

Ausflihren (612) des Satzes von Testfallen zum Erhalten eines zweiten Satzes von Ausfliihrungsergebnissen
mitdem zweiten Satz von Testvektoren, wobei der Satz von Testfallen wenigstens eine vorgegebene Anzahl
von Malen ausgeflhrt wird;

fir jede Ausflihrung des Satzes von Testfallen Aufzeichnen einer zweiten nicht binren Erfolgsrate (Sp,/) fir
jedes Attribut-Wert-Paar beruhend auf dem zweiten Satz von Ausfiihrungsergebnissen; und

in Reaktion darauf, dass ein Satz von zweiten Erfolgsraten, der dem Satz von das Attribut aufweisenden
Attribut-Wert-Paaren entspricht, den vorgegebenen Schwellenwert erfiillt, Benachrichtigen eines Nutzers
von den weiteren, fir das Attribut erkannten Werten und Ausgeben einer Identifikation des einen oder der
mehreren Testfallen an den Nutzer, die den Satz von Attribut-Wert-Paaren verwenden, wobei der eine oder
die mehreren Testfalle zum Diagnostizieren eines dem SUT zugeordneten Soft-Fehlers verwendet werden
sollen.

System nach Anspruch 8, wobei die nicht binére Erfolgsrate Sy, mit einer Pseudo-Booleschen-Algebra berechnet
wird.

System nach Anspruch 8, wobei das Verfahren in Reaktion darauf, dass der Satz von zweiten Erfolgsraten, der dem
Satz von das Attribut aufweisenden Attribut-Wert-Paaren entspricht, nicht den vorgegebenen Schwellenwert erfillt,
Ausgeben einer Identifikation des einen oder der mehreren Testfalle an den Nutzer, die den Satz von Attribut-Wert-
Paaren verwenden, wobei der eine oder die mehreren Testfalle zum Diagnostizieren eines dem SUT zugeordneten
Soft-Fehlers verwendet werden sollen.

System nach Anspruch 10, wobei ein Soft-Fehler durch eine oder mehrere Betriebsbedingungen des SUT verursacht
wird.

System nach Anspruch 8, wobei ein kartesischer Produktraum, der alle méglichen Kombinationen der Attribut-Wert-
Paare aufweist, wenigstens teilweise mit Kombinatorik-Testdesigns auf einen reduzierten Testraum reduziert wird.

System nach Anspruch 12, wobei der kartesische Produktraum ferner auf einer architektonischen Beschréankung des
SUT beruhend reduziert wird.

System nach Anspruch 13, wobei die architektonische Beschrankung wenigstens eines aufweist: eine Anforderung,
dass ein erstes Attribut nicht einen oder mehrere potenzielle Attributwerte annehmen kann, wenn ein zweites Attribut
einen bestimmten Attributwert aufweist, eine Anforderung, dass das erste Attribut einen bestimmten potenziellen
Attributwert annehmen muss, wenn das zweite Attribut den bestimmten Attributwert aufweist, oder eine Anforderung
zum Einflhren eines dritten Attributs, wenn das zweite Attribut den bestimmten Attributwert aufweist.

Computer-Programmprodukt zum Erkennen und Lokalisieren eines Fehlers beim Priifen eines Testsystems, wobei
das Computer-Programmprodukt aufweist: ein fur einen Computer lesbares Speichermedium, das fiir eine Ver-
arbeitungsschaltung lesbar ist und Anweisungen zur Ausfiihrung durch die Verarbeitungsschaltung speichert, um ein
Verfahren nach einem der Anspriiche 1 bis 7 durchzufiihren.

Revendications

1.

Procédé de détection etde localisation d’un défautlors du testd’un systeme testé, SUT (214), le procédé comprenant :

la modélisation d’entrées (602) dans le SUT en tant qu’un ensemble de paires attribut-valeur (302) ;
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lagénération (604) d’'un ensemble initial de vecteurs de test (306) qui fournit une couverture n-wise compléte d’'un
espace de test représenté par les paires attribut-valeur ;

la génération (606) d’un ensemble de cas de test (202) a partir de I'ensemble initial de vecteurs de test ;
I'exécution (108) de 'ensemble de cas de test pour obtenir un ensemble de résultats d’exécution, les résultats
d’exécution étant sous une forme binaire indiquant qu’un cas de testaréussi ou échoué, 'ensemble de cas de test
étant exécuté une pluralité de fois ;

la mise ajour, pour chaque exécution de 'ensemble de cas de test, pour chaque paire attribut-valeur, d’'un taux de
réussite non binaire (S /) basé surl’ensemble de résultats d’exécution, le taux de réussite non binaire d’une paire
attribut-valeur étantbasé surles résultats d’exécution de chaque cas de test qui utilise ladite paire attribut-valeur;
la sélection d’un attribut en réponse a un ensemble de taux de réussite correspondant a un ensemble de paires
attribut-valeur comprenant ledit attribut qui sont toutes inférieures a un seuil prédéterminé ;

la génération d’'un deuxiéme ensemble de vecteurs de test qui comprend des valeurs supplémentaires pour
I'attribut qui est sélectionné ;

I'exécution (612) de 'ensemble de cas de test pour obtenir un deuxiéme ensemble de résultats d’exécution en
utilisant le deuxiéme ensemble de vecteurs de test, 'ensemble de cas de test étant exécuté au moins un nombre
prédéterminé de fois ;

I'enregistrement, pour chaque exécution de 'ensemble de cas de test, pour chaque paire attribut-valeur, d’'un
deuxiéme taux de réussite non binaire (Sp) basé sur le deuxiéme ensemble de résultats d’exécution ; et

en réponse a un ensemble de deuxiemes taux de réussite correspondant a I'ensemble de paires attribut-valeur
comprenant ledit attribut satisfaisant le seuil prédéterminé, la notification (718) d'un utilisateur des valeurs
supplémentaires pour I'attribut qui ont été détectées.

Procédé selon la revendication 1, dans lequel le taux de réussite non binaire S, est calculé informatiquement en
utilisant un algébre Pseudo-Booléen.

Procédé selon la revendication 1, comprenant en outre, en réponse a I'ensemble de deuxiémes taux de réussite
correspondant a I'ensemble de paires attribut-valeur comprenant ledit attribut ne satisfaisant pas le seuil prédé-
terminé, la délivrance en sortie a I'utilisateur d’'une identification d’un ou plusieurs cas de test qui utilisent les paires
attribut-valeur définies, dans lequel le ou les cas de test doivent étre utilisés pour diagnostiquer une défaillance douce
associée au SUT.

Procédé selon larevendication 3, dans lequel une défaillance douce est provoquée par une ou plusieurs conditions de
fonctionnement du SUT.

Procédé selon la revendication 1, dans lequel un espace de produit cartésien comprenant toutes les combinaisons
possibles des paires attribut-valeur est réduit a un espace de test réduit au moins en partie en utilisant une conception
de test combinatoire.

Procédé selon la revendication 5, dans lequel 'espace de produit cartésien est davantage réduit sur la base d’'une
restriction architecturale du SUT.

Procédé selon la revendication 6, dans lequel la restriction architecturale comprend au moins I'une des conditions
suivantes : une exigence selon laquelle un premier attribut ne peut pas prendre une ou plusieurs valeurs d’attribut
candidates si un deuxiéme attribut a une valeur d’attribut particuliére, une exigence selon laquelle le premier attribut
doit prendre une valeur d’attribut candidate particuliére sile deuxieéme attribut a la valeur d’attribut particuliére ou une
exigence d'introduire un troisiéme attribut si le deuxieme attribut a la valeur d’attribut particuliére.

Systéme comprenant : une mémoire (1203) ; et
un processeur couplé a la mémoire, le processeur étant configuré pour mettre en oeuvre un procédé de détection et
localisation d’un défaut lors du test d’'un systéme testé, SUT (214), le procédé comprenant :

la modélisation (602) des entrées dans le SUT en tant qu’ensemble de paires attribut-valeur (302) ;

la génération (604) d’'un ensemble initial de vecteurs de test qui fournit une couverture n-wise compléte d’'un
espace de test représenté par les paires attribut-valeur ;

la génération (606) d’'un ensemble de cas de test a partir de 'ensemble initial de vecteurs de test ;
'exécution de I'ensemble de cas de test pour obtenir un ensemble de résultats d’exécution, les résultats
d’exécution étant sous une forme binaire indiquant qu’un cas de test a réussi ou échoué, 'ensemble de cas
de test étant exécutés une pluralité de fois ;
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lamise ajour, pour chaque exécution de 'ensemble de cas de test, pour chaque paire attribut-valeur, d’'un taux de
réussite non binaire (S /) basé surl’ensemble de résultats d’exécution, le taux de réussite non binaire d’une paire
attribut-valeur étant basé sur des résultats d’exécution de chaque cas de test qui utilise ladite paire attribut-
valeur ;

la sélection d’un attribut en réponse a un ensemble de taux de réussite correspondant a un ensemble de paires
attribut-valeur comprenant ledit attribut, qui sont tous inférieurs a un seuil prédéterminé :

la génération d’un deuxieme ensemble de vecteurs de test qui comprend des valeurs supplémentaires pour
I'attribut qui est sélectionné ;

I'exécution (612) de 'ensemble de cas de test pour obtenir un deuxiéme ensemble de résultats d’exécution
en utilisant le deuxiéme ensemble de vecteurs de test, dans lequel 'ensemble de cas de test est exécuté au
moins un nombre prédéterminé de fois ;

I'enregistrement, pour chaque exécution de 'ensemble de cas de test, pour chaque paire attribut-valeur, d’un
deuxiéme taux de réussite non binaire (Sp) basé sur le deuxieme ensemble de résultats d’exécution ; et
en réponse a un ensemble de deuxiémes taux de réussite correspondant a 'ensemble de paires attribut-
valeur comprenant ledit attribut satisfaisant le seuil prédéterminé, la notification a un utilisateur des valeurs
supplémentaires pour I'attribut qui ont été détectées, et la délivrance en sortie a I'utilisateur d’'une identifica-
tion d’un ou plusieurs cas de test qui utilisent les paires attribut-valeur définies, dans lequel le ou les cas de
test doivent étre utilisés pour diagnostiquer une défaillance douce associée au SUT.

Systéme selon la revendication 8, dans lequel le taux de réussite non binaire S,y est calculé informatiquement en
utilisant un algébre Pseudo-Booléen.

Systeme selon larevendication 8, dans lequel le procédé comprend en outre, en réponse al'ensemble de deuxieémes
taux de réussite correspondant a 'ensemble de paires attribut-valeur comprenant ledit attribut ne satisfaisant pas le
seuil prédéterminé, la délivrance en sortie a I'utilisateur d’'une identification d’'un ou plusieurs cas de test qui utilisent
les paires attribut-valeur définies, dans lequel le ou les cas de test doivent étre utilisés pour diagnostiquer une
défaillance douce associée au SUT

Systéme selon la revendication 10, dans lequel une défaillance douce est provoquée par une ou plusieurs conditions
de fonctionnement du SUT.

Systéme selon la revendication 8, dans lequel un espace de produit Cartésien comprenant toutes les combinaisons
possibles des paires attribut-valeur est réduita un espace de test réduitau moins en partie a l'aide d’'une conception de
test combinatoire.

Systéme selon la revendication 12, dans lequel I'espace de produit cartésien est en outre réduit sur la base d’'une
restriction architecturale du SUT.

Systéme selon la revendication 13, dans lequel la restriction architecturale comprend au moins I'une des conditions
suivantes : une exigence selon laquelle un premier attribut ne peut pas prendre une ou plusieurs valeurs d’attribut
candidates si un deuxiéme attribut a une valeur d’attribut particuliére, une exigence selon laquelle le premier attribut
doit prendre une valeur d’attribut candidate particuliere si le deuxieéme attribut a la valeur d’attribut particuliere ou une
exigence d’introduire un troisiéme attribut si le deuxieme attribut a la valeur d’attribut particuliére

Produit de programme informatique pour détecter et localiser un défaut lors du test d’un systéme testé, le produit de
programme informatique comprenant : un support de mémorisation lisible par ordinateur lisible par un circuit de
traitement et mémorisant des instructions en vue d’'une exécution par le circuit de traitement pour mettre en oeuvre un
procédé selon une quelconque des revendications 1 a 7.
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Model inputs to 2 System Under Test {3UT}asa
collection of sttribute-value pairs

¥

Generate an initial set of Combinatorial Test
Design [CTD) vectors that provides n-wise
coverage of an entire Cartesian product space
associated with the collection of attribute-value
pairs

o

%
Generate an initial set of test cases from the initial
set of CTD vectors and execute the initizl set of
test Cases

/606

&ny failing test case(s)?

For a selected failing test case, generate a
respective new test case for each attribute by
changing the value of the attribute to a valus that
is not present in any other failing test case

Execute the new set of test cases

h

Detect and Izcalize an n-wise error based at least
im part on the attributes and their corresponding
criginzl failing attribute values that when changed
resufted in successful new test cases

&

=

Generate and cutput a regression bucket of failing
test cases that includes sl possible combinations

~614

/-616

im the Cartesian product space that include the
failing attributz-valwe pairs
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